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Abstract

Smart grid is an umbrella term, which describes an electricity grid, where next generation
technologies connect all stakeholders with each other, in order to operate the system as
efficiently and reliably as possible. For medium voltage network, smart grid means more
distribution automation. Feeder automation, which is a part of distribution automation,
refers to the control and monitoring of secondary substations and disconnector stations.
Biggest benefit of feeder automation is related to fault management. The Electricity Mar-
ket Act (2013) and the new regulation model (2016 — 2023) are both driving forward the
feasibility of feeder automation.

This thesis studied the current state of the Finnish smart medium voltage network by in-
terviewing six large distribution companies. The interviews also investigated the compa-
nies’ opinions regarding the future of smart gird technologies, and opinions towards reg-
ulations driving smart grid technologies. The biggest, but still relatively minor, concern
the Finnish distribution companies had with the current regulation and legislation, was
the lack of flexibility in the ‘component value list’ in the regulation model. This lack of
flexibility does not encourage large-scale investments towards new technologies, if the
particular component is not on the ‘list’. The most common expectations of future smart
grid technologies were related to better fault detection. The increase of PV production was
not seen as a major issue in the coming years.

This thesis also studied the feasibility of feeder automation. The feasibility study was con-
ducted by a case study related to the optimum automation level for a predetermined net-
work topology. All the parameters for this case study, such as length of the feeders, power
demand and outage restoration time, are based on technical figures published by the En-
ergy Authority. The price of the technology is based on the new regulation model’s ‘com-
ponent value list’, published by the Energy Authority. The results were calculated for dif-
ferent fault frequency values. The optimum automation level for 1 fault/year was 22 %.
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Tiivistelma

Alykis sidhkoverkko on sateenvarjotermi, joka kuvaa sdhkoverkkoa, jossa uuden
sukupolven teknologiat yhdistavat sahkomarkkinoiden kaikki sidosryhmit keskenaan,
mahdollistaen tehokkaamman ja luotettavamman sahkojarjestelman.
Keskijannitejakeluverkolle dlykkyys tarkoittaa automaatiota. Muuntamoautomaatio, joka
on osa jakeluverkon automaatiota, viittaa muuntamoiden ja erotinasemien hallintaan ja
monitorointiin. Suurin hyoty muuntamoautomaatiossa syntyy vian hallinnan kautta.
Sahkomarkkinalaki (2013) ja uusi Valvontamenetelma (2016 — 2023) molemmat ajavat
eteenpdin muuntamoautomaation kannattavuutta.

Tama tutkielma tutki Suomen nykyista édlykastd keskijanniteverkkoa haastattelemalla
kuutta suurta jakeluverkkoyhtiota. Haastatteluilla tutkittiin myos jakeluverkkoyhtididen
nakemyksia ja mielipiteita tulevaisuuden teknologioita ja nykyista regulaatiota kohtaan.
Yleisin, vaikkakin vahainen, verkkoyhtioiden kehitysehdotus liittyi valvontamenetelman
verkkokomponenttilistan jaykkyyteen. Jos uutta teknologiaa ei 16ydy kyseiselta listalta, ei
se kannusta kyseisen teknologian massa-asennukseen. Suurimmat odotukset uusiin
dlykkaisiin teknologioihin liittyi vian havaitsemiseen. Paikallisen aurinkosdhkon
tuotannon ei nahty aiheuttavan merkittavia haasteita jakeluverkolle 1dhitulevaisuudessa.

Tama  tutkielman tutki myos muuntamoautomaation  kannattavuutta.
Kannattavuusanalyysi tehtiin tapaustutkimuksen avulla, laskemalla optimaalisen
automaatiotason eri vikatiheysarvoille. Tapaustutkimuksena kéytettiin ennalta
maarattyda verkkotopologiaa. Kaikki jakeluverkkoon liittyvat parametrit, kuten
johtoldhtojen tehot, pituudet ja vian korjausaika, ovat laskennallisia keskiarvolukuja
Energiaviraston julkaisemista teknillisistd tunnusluvuista. Muuntamoautomaation
hintana on kaytetty Valvontamenetelmin (2016 — 2023) verkkokomponenttilistan
madrittamid hintoja. Tapaustutkimuksessa vikatiheydelle 1 vika/vuosi laskettiin
optimaaliseksi automaatiotasoksi 22 %.

Avainsanat ilykis sahkoverkko ja muuntamoautomaatio
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1 Introduction

The Finnish distribution companies are facing a change. The future electricity grid has to
address challenges related to intermittent renewable electricity generation and power conti-
nuity. Smart grid technologies play a key role in addressing these challenges. This thesis is
going to discuss, how smart grid technologies are changing the current power system in
Finland, and what trends are currently forming the current power system. Some smart grid
trend examples are brought up from outside of Finland. The focus point of this thesis will
start from the overall concept of smart grid. After this, the focus will narrow down to the
distribution network level, keeping the distribution companies’ interests in the center of at-
tention. The technologies used by Finnish Distribution System Operators (DSO) are de-
scribed, without going into technical details. In addition, the relevant legislations and regu-
lations affecting the distribution companies’ implementation of new smart grid technologies
are discussed. Via interviews, the thesis is going to dive deeper into Finnish DSOs’ views
on future smart grid trends, and their views on the current regulations and legislations af-
fecting the implementation smart grid technologies. The interview also investigates the dis-
tribution companies’ current automation level at medium voltage (MV) level. These views
and the information about the current status of the grid, have been collected through face-to-
face interviews with major Finnish distribution companies.

The second part of this thesis will focus on feeder automation and its benefits for the DSOs.
Feeder automation describes the smart grid technologies used at the MV network level. In
short, feeder automation includes all the technologies, which are increasing the monitoring
and controllability of feeders beyond primary substations, excluding everything that happens
on the low voltage circuits (e.g. smart meters). The focus point will stay on the benefits
DSOs get from feeder automation technologies, emphasizing the monetary benefits. Because
benefits of feeder automation rotate heavily on reducing outage times, the cost of outages
and the ways feeder automation can reduce outages are discussed as well. The feasibility of
reducing outages with feeder automation is studied through a case study, where the optimum
feeder automation level is determined for an average Finnish underground ring network to-
pology, using Energy Authority’s new cost estimations for the instalment of feeder automa-
tion technologies.

1.1 Research questions

This thesis investigates two research questions related to smart grid technologies and feasi-
bility of feeder automation:

1. How do the Finnish distribution companies see the future of smart grid technologies
in their distribution network?

2. How are Energy Authority’s new cost estimations on feeder automation technologies
affecting the investment feasibility of the technology?
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2 Defining the Smart grid concept

2.1 Official definitions

Smart grid does not have a universal definition, but the term is typically used to describe an
electricity grid, which includes next generation technologies, such as wireless communica-
tion and remote control. When talking about smart grids, one can refer to any part of the
power system from producer to the end-user. This thesis is focusing on the distribution net-
work.

The term ‘smart grid’ is relatively new, but first ‘smart’ applications for the distribution
network were developed in the 1970’s, when the first remote operating and monitoring sys-
tems were introduced. After this, the evolution of a smarter electricity distribution network
has been a continuous process. (Staszesky et al. 2005)

Smart grid is broad term, which consists of almost all innovations related to the entire power
system. Three different official definitions by different prominent stakeholders are listed
below.

In EU, the official definition of a smart grid is represented in ‘Mandate M/490 for smart
grids’ published by EURELECTRIC (Union of the Electricity Industry) in 2011:

“A Smart Grid is an electricity network that can cost efficiently integrate the behavior and
actions of all users connected to it — generators, consumers and those that do both — in order
to ensure economically efficient, sustainable power system with low losses and high levels
of quality and security of supply and safety.” (EURELECTRIC 2011)

Schneider Electric, one of the largest energy management solution providers in the world,
has defined the smart grid as follows:

“The Smart Grid combines electricity and IT infrastructure to integrate and connect all users
(producers, operators, marketers, consumers, etc.) in order to continue to efficiently balance
supply and demand over an increasingly complex network.” (Schneider Electric, 2015)

The IEA (International Energy Agency) has defined the smart grid in 2011 as follows:

“A smart grid is an electricity network that uses digital and other advanced technologies to
monitor and manage the transport of electricity from all generation sources to meet the var-
ying electricity demands of end-users. Smart grids co-ordinate the needs and capabilities of
all generators, grid operators, end-users and electricity market stakeholders to operate all
parts of the system as efficiently as possible, minimizing costs and environmental impacts
while maximizing system reliability, resilience and stability.” (IEA 2011)
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While there are different interpretations about what smart grid applications should be pur-
sued in the development of a smarter electricity grid, the main idea is similar in the end:
Connecting all electricity market stakeholders with advanced technologies, in order to oper-
ate the system as efficiently and reliably as possible.

2.2 Motive for smart grids

The entire energy industry policy is highly driven by climate change. In order to tackle this
global problem, the entire energy sector has to adapt. This development has put the electric-
ity networks under pressure to change as well. The motives for smart grid technologies are
both external to the distribution network, like preparing for a low-carbon future, as well as
internal, like the need for replacement of an ageing network infrastructure. One of the biggest
external drivers for Finnish energy policy originates from European Union's Energy and
Climate Package. The policy targets do not directly push forward smart grid technologies,
but smart grid technologies are necessary in order to achieve the future power system the
climate package is pursuing. (Hashmi 2011)

The Climate Package states the following targets for the year 2020 (compared to 1990):

e 20 % reduction of greenhouse gas emissions
e 20 % of renewable energy sources in the EU 27 energy mix
e 20 % reduction in the primary energy used (European Parliament 2009)

The Climate Package These reduction targets take into account transport, heating, lighting
and electricity. For the electricity generation, the reduction target is even more ambitious:
35 % of all electricity should be generated with renewable energy sources in 2020. On top
of that, heating and transportation is expected to affect the electricity demand profile in the
future, when heat pumps and electrical vehicles become more popular. (Hashmi 2011)

The changing power system requires electricity networks to be significantly more flexible
than they currently are. Renewable energy sources, such as solar and wind power, generate
intermittent electricity, which means that it becomes more difficult to maintain the balance
between supply and demand. On top of this, governments are setting standards that are more
ambitious regarding system reliability. Aging infrastructure, increase in intermittent elec-
tricity generation, possible change in electricity demand profile and the strict governmental
reliability standards are all serious challenges for Finnish DSOs.

In the future, one of the biggest technological challenges for distribution networks relates to
controlling the energy flows of distributed intermittent energy generation. Increasing wind
and solar power capacity sets certain technological requirements for the grid. When distrib-
uted generation is added to the distribution network, the need for grid improvements is often
necessary. The requirements include better control and monitoring of the power system. This
allows DSOs to manage demand, operate the existing assets more efficiently, and to utilize
electricity storage. (Hashmi 2011)
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The increase in intermittent power production has already affected the Nordic power system.
The frequency fluctuations in the grid, which are caused by the imbalance in supply and
demand, have already increased. As we can see in Figure I, the trend in quality of frequency
in the Nordic power system puts pressure to change for all stakeholders involved in the
power system. For distribution companies, this means more control and monitoring capabil-
ities to the MV and LV network. (ENTSO-E 2013)

3.5%
3.0%
2.5% | .
2.0%
1.5% | l
1.0% y ’

0.5% - AL N -

0.0%
1995 2000 2005 2010 20M

Figure 1: Quality of frequency in the Nordic Power system. The percentage is the relative time the sys-
tem’s frequency has been outside the normal frequency limit (49,9 - 50,1 Hz) (ENTSO-E 2013)

2.3 Difference between a smart grid and a conventional grid

When comparing a future smart grid to a conventional grid, the conventional grid is usually
described as a grid with large conventional power plants feeding power to the transmission
grid. From transmission grid, power is distributed downstream to the customers, without any
flexibility or communication along distribution process. The concept of a conventional
power system is illustrated in Figure 2.
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Figure 2: Illustration of a conventional power system (Siemens)

Figure 2 illustrates the future electricity grid, where different stakeholders are interacting
with each other with bi-directional flow of energy and data. The future power system will
also have more decentralized electricity production, which includes solar power, small wind
turbines, micro-CHP-plants and electricity storage. Also, electricity vehicles will change the
power system significantly by replacing fuel consumption with electricity consumption. The
transformation to electric electricity powered transportation can be challenging, regarding
the management of peak loads, but electric vehicles could also be utilized as electricity stor-
age, for balancing the peak loads. The whole smart grid concept is illustrated in Figure 3.
(Schneider Electric 2015)

( > Electric vehicle

Residential

Industries

Buildings Active
end-users
(o=

i' : Data
¥ centers

Distributir.n Commercial and industrial

N
Renewable Decentralized
Distributed and distributed
plants intermittent generation generation
<1MW

Figure 3: The smart grid concept. Inside the red circle, is the focus area of this thesis (Schneider Electric
2015)
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In Table 1, the biggest differences between a conventional grid and a smart grid have been
listed, through the operating environment, the opportunities the smart grid brings and the

technologies and services it provides.

Conventional grid

Smart grid

Operating environment

National and closed elec-
tricity market

International and open

electricity market

National policies and legis-
lations, EU’s influence

Policies and legislations on
the EU level, global influ-
ence

The opportunities of the
smart grid

System reliability

System reliability

Efficient electricity produc-
tion

Efficient
sumption

electricity con-

Utility driven system, one-

Producers more involved,

sources and hydro power
(mostly)

way communication be- | two-way = communication
tween producer and con- | between producers and
sumer consumers

Technologies and services | Centralized production | Increasing  de-centralized
(mostly) production
Non-renewable energy | Diverse mix of renewable

and CO;-free energy

sources

Insignificant electricity stor-
age

Increasing electricity stor-
age

Demand response only with
big industrial end users

Demand response on resi-
dential customer level as

well

Manual meter reading after
the electricity has been con-
sumed

Real time consumption data
wirelessly transferred to a
control center

Operation and maintenance
(O&M) where the compo-
nents are located

O&M remotely from a con-
trol center

Table 1: The difference between a conventional electricity grid and a smart grid. (A. Sarvaranta 2010)

As it has been stated earlier, the smart grid concept is a continuous evolution process, where
existing and new technologies are slowly integrated to the grid in order to improve the prop-
erties of the existing distribution network. The technology for building a smarter power sys-
tem already exists. At this point, it is mostly dependent on finding the most cost effective
solutions and business models for the new smart technologies. The current status of smart
grids varies between countries, but the goals and desired network properties are the same, in
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general. The current distribution network in Finland already utilizes some of the applications
described in Table 1. (IEA, 2015)

This thesis is focusing on smart grid technologies that benefit the Finnish electricity distri-
bution companies the most. More precisely, the focus point will be in MV lines and second-
ary substations. From distribution network’s point of view, the biggest economic benefit can
be realized when improving system reliability. Improved asset management and network
operation optimization are also bringing value to DSOs. (IEA 2015)
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3 Smart Grid trends

3.1 Demand response

Demand response (DR) is one of the biggest trends driving the development of smart grid
technologies. It affects the entire electricity market, such as producers, distributors, consum-
ers and electricity retailers. In this thesis, demand response is being discussed from the entire
electricity market’s point of view, not just distribution network’s point of view. DR is an
action where consumers can intentionally shift their electricity consumption load in response
to changes in electricity prices either over time or in response to an incentive payment. In-
centive payments are designed to lower electricity usage at times when demand is high or
when system reliability is jeopardized. In a conventional electricity market, only supply has
been controllable and demand has just been what consumers happened to consume. DR will
increase the efficiency of the electricity market by allowing flexible demand. (Albadi & El-
Saadany 2008)

Because there has to be constantly a balance between supply and demand in the power sys-
tem, DR has potential to cost effectively balance to system, when supply and demand levels
change rapidly and unexpectedly. Reasons for unexpected changes in the power system
could be outages caused by generation malfunction, a fault in transmission or distribution
grid and sudden load changes. Even though DR increases the efficiency of the power system,
it does not mean less consumption. The system efficiency comes from consuming the elec-
tricity on low demand times, rather than a high demand times. The major technological re-
quirements for demand response are an hourly measured smart meter and some energy man-
agement system to control electrical devices (Sarvaranta 2010). (Albadi & El-Saadany 2008)

3.1.1 Different demand response programs

DR programs can be divided into two main categories: Price Based Programs (PBP) and
Incentive Based Programs (IBP), which is further divided into market-based programs and
classical programs. The two categories include various different DR programs, which are
represented in Table 2. Sometimes the two main categories are named price- and system-led
programs. (Albadi & El-Saadany 2008)

Incentive Based Programs (IBP) Price Based Programs (PBP)
Classical programs e Direct Load Control e Time of Use
e Interruptible Programs e C(ritical Peak Pricing
Market based programs e Demand Bidding e Extreme Day Pricing
e Emergency DR e Real Time Pricing
e Capacity Market
e Ancillary services Market

Table 2: Classification of DR programs (Albadi & El-Saadany 2008)
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In classical IBP, participating customers receive participation payments, usually as a bill
credit or discount rate, for their participation in the programs. In market-based IBP programs,
participants are paid according to their performance, depending on the amount of consump-
tion reduction during critical conditions. (Albadi & El-Saadany 2008)

Direct Load Control IBP program allows utilities to remotely shut down participant’s elec-
trical equipment without separate permission of the end-user. This IBP program requires
remotely controlled devices at the participant’s end. Direct Load Control programs are usu-
ally considered only for residential customers with high electricity consuming devices, such
as water heaters and air conditioners. These programs may cause temporary loss of living
comfort amongst participants. (Albadi & El-Saadany 2008)

Interruptible Programs differ from direct load control programs by letting the participant
to reduce their load by themselves to predefined values. If they cannot respond to this, par-
ticipant can face penalties, depending on the program’s terms and conditions. (Albadi & El-
Saadany 2008)

In Demand Bidding Programs customers bid on specific load reductions in the electricity
wholesale market. A bid gets accepted if it is below the market price. If a bid is accepted,
the participant must limit his load by the amount specified in the agreement or face penalties.
(Albadi & El-Saadany 2008)

In Emergency DR programs, participants are paid incentives for measured load reductions
during emergencies, where the incentive value is formed by other participants’ bids. (Albadi
& El-Saadany 2008)

Capacity Market Programs are offered to customers who can commit to providing load
reductions with a short notice (usually day-ahead notice) when system emergencies arise.
(Albadi & El-Saadany 2008)

Ancillary Services Market programs allow customers to bid on load reduction in the spot
market as operating reserve. If the bid is accepted, the participant pays the market price for
committing to be on standby in case an emergency occurs. The participant gets an additional
payment, based on the market price, if the load reduction is actually needed. (Albadi & El-
Saadany 2008)

PBP programs are based on dynamic pricing rates in which electricity tariffs are not flat;
the rates fluctuate following the real time cost of electricity. The objective of PBP programs
is to flatten the demand curve by offering a high price during peak periods and lower prices
during off-peak periods. These rates include the Time-of-Use (TOU) rate, Critical Peak Pric-
ing, Extreme Day Pricing, Extreme Day CPP, and Real Time Pricing (RTP). (Albadi & El-
Saadany 2008)
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One of the most common types of PBP is the TOU rates, where the rates of electricity price
differ in different blocks of time. The rates are higher during high peak demand periods.
Usually there are two time blocks in TOU programs; the off-peak rate and the peak rate. In
RTP programs, customers are charged hourly fluctuating prices reflecting the real cost of
electricity in the wholesale market. RTP participants are informed about the prices on a day-
ahead or hour-ahead basis. Many economists are convinced that RTP programs are the most
direct and efficient DR programs suitable for competitive electricity markets and should be
the focus of policymakers. (Bloustein 2005)

3.1.2 The benefits of demand response

For participating consumers, DR benefits them by reducing their electricity bill or through
incentive payments, depending on whether it is an incentive or a price based DR program.
(Albadi & El-Saadany 2008)

For the environment, DR is expected to decrease total greenhouse gas emissions. The re-
duction is expected to happen by satisfying peak demand with decreasing consumption, ra-
ther than generating electricity with fossil fuel power stations. (Jokiniemi 2014)

For the whole electricity market, DR is expected to reduce the total electricity price on the
market. The price reduction is expected to happen through more efficient utilization of avail-
able resources. DRs long-term effects on the total electricity market include avoided up-
grades and infrastructure enforcements for distribution and transmissions networks. All the
avoided costs will eventually be reflected in the price of electricity for all consumers. (Albadi
& El-Saadany 2008)

Another major improvement for the whole electricity market is the reduction of price vola-
tility. Usually a small reduction of demand can lead to major reductions in price of electric-
ity. This phenomenon happens because electricity generation costs often increase exponen-
tially near maximum generation capacity. DR’s potential effect on electricity market price
is illustrated in Figure 5. (Santti 2015)



19

Price Inelastic
Elastic demand
demand

Inelastic clearing price

Lower

prices,

~— improved - _
'“'~-~.xefficiency /,./‘ —

- -

Elastic clearing price ~

Quantity
Figure 5: DR’s potential effect on electricity market price. (Séntti 2015)

3.1.3 Demand response in Finland

There are four different market places for demand response in Finland: Elspot, Elbas, bal-
ancing power market, reserve markets. Elspot, the day-ahead market, and Elbas, the intraday
market, are both operated by the Nord Pool Spot. Reserve markets can be divided into further
categories, based on the response time and capacity. (Jokiniemi 2014)

In Finland, balancing power market and reserve markets have concerned mostly large indus-
trial customers in forestry and the metal and chemical. Fingrid is responsible for maintaining
the power balance and reserve markets. If a large industrial consumer wants to participate in
the reserve markets, it has to make a balance service agreement with Fingrid. Balancing
power market acts as a market place for balancing bids'. Residential consumers have not
been able to access reserve markets or power balance markets, mainly because of the re-
quired minimum power output available. (Jokiniemi 2014)

Electricity whole sellers in Finland have long provided a billing system for residential cus-
tomers, where electricity price has been two sided: lower price at night time and higher price
at day time. This simple TOU program has allowed residential customer to shift some of
their consumption to night time and thus save money. After smart meters were installed,
residential customers have been able to participate more efficiently to DR through RTP. This
participation only requires a smart meter, an electricity contract where billing is based on
real-time electricity prices, and own activity. In RTP programs, the demand response effect

! Balancing bid is either an Up-regulating bid or Down-regulating bid. The bid contains the following infor-
mation: power (MW), price (€/MWh), production/consumption, location and name of the resource. (Jokiniemi
2014)
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comes from customers’ own willingness to avoid consuming electricity when it is more ex-
pensive. (TEM 2008) (Sarvaranta 2010)

Finnish utilities have developed additional services for customer who are willing to follow
their electricity consumption hourly. This increase of awareness will play a big role in RTP
based DR programs for residential and commercial customers. For example, Helen Oy, en-
ergy utility operating in Helsinki, provides their customer the access to monitor their own
electricity consumption by the hour. The service can help customers to plan their energy
usage. The online service is called Sdvel Plus. Other utilities in Finland provide similar ser-
vices to residential customers. (Helen Oy 2016)

Other demand response programs for residential customers are currently emerging in Fin-
land. One example is a virtual power plant for balancing the power system. In 2016, Fortum
Oyj launched a pilot project with 70 residential customers with electricity heating system in
their homes. In the pilot project, the 70 households participating in the pilot have given For-
tum QOyj permission to momentarily lower the temperature of hot water tanks during peak
electricity consumption periods. The virtual power plant creates a reserve that can be sold to
the Fingrid, when balancing power is needed. Turning off the hot water tank temporarily
does not have any impact on the use of hot water in the participating households. The virtual
power plant is able reduce the demand on the electricity network’s output by approximately
100 kilowatts. The virtual power plant concept with 100 participants is illustrated in Figure
6. (Fortum 2016)

Effect need m

100 HOUSEHOLDS WITH ELECTRIC HEAT

AGREEMENT OF STEERING, AGREEMENT OF
EQUIPMENT INSTALLATION AND 100 kW DELIVERY
ENERGY MONITORING APPLICATION

Figure 6: Virtual power plant concept by Fortum Oyj. (Fortum 2016)

3.1.4 Demand Bidding Program example in New York City

In 2016, a company in New York City called Con Edison held a Demand Bidding Program
(auction) to its customers around Brooklyn area to get commitment to reduce energy demand



21

during peak hours. The auction generated successful results, when Con Edison expects en-
ergy usage to drop by 22 MW in peak hours during summer of 2018. Con Edison accepted
bids ranging from $215 to $988 per kilowatt per year. Con Edison has estimated that it will
avoid the construction of a $1.2billion substation, because of the reduction of peak power
demand. (Con Edison 2016)

These kinds of incentives based demand response programs are gaining momentum at a
global level, especially in the U.S. The business model for incentive based demand response
seems beneficial for all stakeholder involved. For the whole power system, it reduces energy
consumption during peak demand times, for participants it lowers monthly electricity costs,
and it provides a revenue stream for the service provider. Another positive factor in incentive
based demand response is the fact that it usually requires a relatively small investment from
consumers participating to the program. This positive factor applies to price based demand
response programs as well, where consumers can manage their energy consumption without
any initial investments. All that is needed for a simple PBP, is the access to monitor own
electricity consumption and an hourly based billing contract.

3.1.5 DR challenges

From technical point of view, the biggest barrier for demand response for residential cus-
tomers is the remote controllability of electrical equipment. Residential customer can man-
age their demand through by avoiding consumption during high hourly electricity prices, but
larger participation through balancing bids or participating into reserve markets would re-
quire better remote controllability for consumption. In Finland, electricity retailers cannot
control the loads of residential customers with a single software system, due to the lack of
standardized load control signals between the retailer and the smart meter (operated by a
distribution company). This compatibility problem makes it difficult to scale demand re-
sponse services to residential customers. In the future, it is possible that load control happens
through a separate device and smart meters are only used for measurement purposes. (Sar-
varanta 2010)

The other barrier for large-scale demand response is the lack of knowledge among custom-
ers. Because demand response is based on customers’ willingness to change their consump-
tion habits, they only can adapt demand response programs if they see that they can gain
significant monetary benefits from it. (Sarvaranta 2010)

3.2 Distributed generation

Distributed Generation (DG) does not have a consistent definition, but the term is typically
used to describe small-scale electricity generation within the distribution network or on the
customer side of the network. DG also means that control of the generation is decentralized
and not centralized, like in conventional power stations. Because there is not an official def-
inition for DG, there is lack of data on how much DG is being utilized in Finland. DG is not
necessarily a more efficient way the generate electricity compared to centralized generation,
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but it is expected to decrease greenhouse gas emissions through the use of renewable energy
sources. (Vihanninjoki 2015)

Usually the following technologies are utilized in DG systems:

e Small scale wind power

e Solar power

e Small hydro power

e mini CHP

e Heat Pumps (Vihanninjoki 2015)

There are three different legislations in Finland, which defines DG in a different way. The
law for (Finlex 1260/1996 2) the taxation of electricity generation defines ‘small scale gen-
eration’ as electricity generation, which generates less than 800 000 kWh of electricity per
year. If the generation facility produces less, it does not have to pay the tax. This law was
applied from first of May 2015. Electricity Market Act (Finlex 588/2013 3) defines ‘small
scale generation’ as electricity generation, which has capacity of less than 2000 kVA. Envi-
ronmental protection law (Finlex 527/2014) also mentions small-scale generation by de-
manding an environmental permit from a CHP unit with more than 50 MW of capacity. In
this thesis DG means a small-scale renewable electricity generation, which is connected to
the MV network (20 kV) or low voltage network (0.4kV). (Vihanninjoki 2015)

3.2.1 DG and the distribution network

Small DG units can be added to the low voltage network either through a separate connection
point or behind the customer’s meter, parallel to the consumption point. Low voltage lines
are capable of transferring up to couple of hundreds of kilowatts for couple of hundreds of
meters. Larger (couple of hundred kilowatts) DG units can be added directly to secondary
substations. The transfer capability of MV lines is related to the distance from the connection
point to the primary substation upstream, but usually 20 kV lines can transfer couple of
megawatts for 20 — 30 km. In Europe, only a small portion of DG is connected directly to
the distribution network. The same situation is in Finland too, where every DG project that
will be connected directly to the distribution network is treated and considered as a special
case. (Vihanninjoki 2015)

In principle, the distribution network is design to transfer electricity one-way; from power
plant to consumer. DG changes the dynamics of the low voltage network by adding more
connection points that feed power into the network, which means that the direction of the
current may change. It becomes increasingly more difficult to manage voltage levels, when
the direction of the current changes. In addition, DG increases the residual current levels,
which may force DSOs to invest in network reinforcements. (Sarvaranta 2010)
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3.2.2 DG market situation and trends in Finland

According to Lehto (2009), there is much DG potential in Finland, but it has been shown
that other countries’ DG has increased significantly only when there have been government
subsidies for DG. At the moment, there are no additional subsidies or tax cuts related to DG,
except the three legislations related to the power capacity or produced energy, which were
described earlier. Next, the current market situation and potential of solar power and small-
scale wind power are described briefly. (Lehto 2009)

Solar Power can be dived into five different categories: portable devices (e.g. solar panel
charged batteries), solar panels in off-the-grid locations (usually summer cottages), solar
PVs in small residential buildings connected to the distribution network, large residential
buildings, and industrial sized solar power plants. Finnish Funding Agency for Innovation
(Tekes) has published a detailed market map from each of these five categories (Tekes 2013).
There is no detailed data available on how much solar power is utilized in Finland, but it has
been estimated that the total solar power capacity in Finland lies between IMW - 3MW. The
total revenue of solar power industry is estimated to be 10M€. The estimated number of solar
panels in of-the-grid locations (mostly summer cottages) is approximately 40 000. (Gaia
Consulting Oy 2014)

The trend for solar panels is positive. The number of solar panels connected to the distribu-
tion network has doubled in 2013 and the trend is expected to continue as such. The biggest
reason for this trend is related to the price. The total solar panel system costs have dropped
significantly in recent years, due to domestic competition between solar panel system sup-
pliers and the global price reduction of solar panel components. (Gaia Consulting Oy 2014)

Small-scale wind power is defined as a wind turbine with less than 50 kW of nominal
power. The technology can be divided into four different categories; summer cottage tur-
bines (less than 1 kW, usually 200400 W), turbines for commercial buildings (less than 5
kW), turbines for large companies and agriculture (5-50 kW), and turbines for telecommu-
nication towers (some kilowatts). The number of wind turbines delivered to summer cottages
(Iess than 1 kW) lies between 100200, whereas the number of turbines delivered for com-
mercial buildings and telecommunication towers is somewhere around 10 for both catego-
ries. Approximately only one wind turbine is delivered for large companies and agriculture
(5-50 kW) annually. As we can see, small-scale wind power market is fairly small and ma-
jority of the turbines are for summer cottages. (Gaia Consulting Oy 2014)

The market trend for small-scale wind power has been steady for a while and the number of
delivered turbines has stayed relatively constant during the current decade. There are esti-
mations for market growth in specialized off-grid wind turbines for telecommunication tow-
ers and electricity storage systems. There is also market growth potential in solar and wind
hybrid systems in off-grid locations. Both of these estimations are based on on-going R&D
projects. (Gaia Consulting Oy 2014)
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It seems that the only potential for future small-scale wind power lies in specialized off-grid
systems and telecommunication towers. It is notable to mention that this market trend does
not take into account bigger turbines (over 50 kW) and wind farms.

3.3 Challenges for smart grid development

Smart grid technologies will bring undoubtedly multiple benefits to all stakeholders involved
in the electricity market, but there is always a variety of challenges to slow down the imple-
mentation of these technologies. There has been conducted different kind of surveys relating
to the readiness of the energy industry and consumers for the smart grid technologies. In
2009, there was a survey that was conducted to network utility leaders in California, USA.
The survey named cost as the strongest barrier for implementing new smart grid technologies
for their organization. The results of the survey can be seen in Figure 7. Even though the
survey was conducted in the USA, it is safe to assume the same challenges for market im-
plementation may apply in Finland as well. (Hashmi 2011)
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Service territory concerns

Lack of regulatory incentives .
M Strongest barrier

Too few proven examples

Local regulatory resistance B Second strongest

barrier

35%

Technology is still too immature
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Questionable ROI :
barrier

Lack of internal approval/funding

Complexity and confusion
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—5%

Figure 7: Biggest barriers for smart grid implementation (Gulich, 2010)

3.3.1 Regulatory challenges

The installment of smart meters and other measurement devices throughout the distribution
network are bringing challenges in component compatibility. A big challenge in many coun-
tries is the integration of the new components with existing components and software sys-
tems. This challenge is based on the fact that there is not always universally accepted proto-
col for control, communication and interfaces. Even though there are standards on the com-
patibility of the physical network components, there is still need for more standardization,
for example a requirement that would ensure a common communication vocabulary among
system components. One example in Finland, is the lack of standardized communication
protocol related to the remote controllability of smart meters. (Farhangi 2010)
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3.3.2 Cyber security and privacy

With all the benefits smart grid technologies are bringing to the utilities and customers, there
is an increasingly challenging threat emerging: Cyber security and privacy. Increasing utili-
zation of ICT will provide various ways to improve the system, but it also opens new ways
for unwanted parties impacting the system. According to the US Department of Homeland
Security, 53 per cent of cyber security incidents reported and investigated by the agency in
the first half of 2013 were related to the energy industry. This is why utilities and technology
providers have to consider implementing more reliable ICT systems in order to ensure the
future safety of the power system. (Schneider Electric 2015)

One example of cyber threat in the distribution network is within substations. Sensitive in-
formation (such as online documentation that describes how these devices work) about the
proprietary devices in substations can be nowadays accessed via internet. Another cyber
threat example is a cyber-attack on distribution network’s monitoring and operating software
(SCADA). There has been an example case in the US in 2010, where a cyber-attack disabled
an entire SCADA system for two weeks, causing massive financial losses to the distribution
company. (Schneider Electric 2015)

The other similar concern is emerging from the increasing amount of customer data availa-
ble. The deployment of smart grid technologies in the customer end might face opposition
from end-users regarding issues associated with data sharing and ownership. Personalized
consumption data is sensitive information. Customers’ data and privacy must be secure in
order for a smart grid to be considered as a success. (IEA 2015)

After smart meters were first installed and public’s awareness for customers’ personalized
consumption data became available, number of standards has been published. For example,
Advanced Metering Infrastructure Security Task Force (AMI-SEC Task Force), alongside
with The NIST’s (National Institute of Standards and Technology) Cyber Security Coordi-
nation Task Group, has presented security concerns relevant to smart metering and provided
guidance and security control to organizations developing or implementing smart meter so-
lutions for the smart grid. (ASAP-SG 2009)
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4 Overview of the technologies used to operate the Finn-
ish distribution network

4.1 Background

The Finnish distribution network’s primary function is to deliver electricity from the trans-
mission grid to end-users. The distribution network is being managed, operated and super-
vised at many different levels, as seen in Figure 8. The data from the distribution network is
collected at the customer, network and the substation level by various types of measurement
devices, where it is transferred to a centralized control center, where it can be utilized for
operational and planning purposes. The pyramid hierarchy illustrates the number devices
used in the different levels of the distribution network. The data volume increases down-
stream of the distribution network, as well. The different information systems mentioned in
Figure 8 are not tightly tied to the levels. An information system might be utilized by many
stages by different DSOs. (Halva 2013)

This chapter will first describe briefly what parts of the power system is considered the dis-
tribution network. After this, the different information system technologies are described,
which include software, IEDs (Intelligent Electronic Device), RTUs (Remote Thermal Unit)
and the interconnection between these. Sometimes the term information system refers only
to a software system, but in this thesis, the term information system refers to the whole entity,
which includes all four parts mentioned above. There are variations for example which soft-
ware systems are utilized in the electricity distribution process, but the main functionalities
are somewhat the same. (Halva 2013)
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Figure 8: ABB’s portrayal of the information system hierarchy in a Finnish distribution network.
(Hilva 2013)
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4.2 Description of the Finnish distribution network

The Finnish power system consists of power generation, transmission grid, regional net-
works, distribution networks and electricity end users. The power system in Finland is part
of the inter-Nordic power system together with the systems in Sweden, Norway and Eastern
Denmark. There are also direct current transmission lines to Finland from Estonia and Rus-
sia. In addition, the whole inter-Nordic power system is connected the Continental Europe’s
power system with direct current transmission lines. (Fingrid 2016)

Fingrid is responsible for the functioning of the Finnish electricity transmission grid. The
transmission grid is the high-voltage trunk network, which covers the entire country. Major
power plants, industrial plants and regional electricity distribution networks are connected
to the transmission grid. Fingrid is responsible for system supervision, operation planning,
balance service, grid maintenance, construction and development, and promotion of the elec-
tricity market in the transmission grid. (Fingrid 2016)

The whole electricity distribution process starts from a primary substation, which is con-
nected to the transmission grid. Downstream from the primary substation, electricity is dis-
tributed along the MV lines all the way to the secondary substations, or to an industrial or a
commercial customer. From the secondary substations, electricity is distributed to rest of the
customer along the low voltage lines. This thesis is going to focus on the MV part of the
distribution network. The customers that are connected to the distribution network can be
divided onto four categories: residential, industrial, public service, commercial. (Siirto et al.
2011)

The Finnish distribution network is owned approximately by 80 different distribution utili-
ties (Energy Authority 2016a), which have regional responsibility (monopoly) to operate the
MV (20 kV) and low voltage (0.4 kV) systems in Finland. Some utilities operate only within
one city (e.g. Porin Energia and Helen Sdahkoverkko), and some cover large parts of Finland
(Caruna and Elenia). A part of a Finnish distribution network is illustrated in Figure 9. (Mil-
lar 2016) (Lakervi & Partanen 2009)

The electricity distribution companies operate the following parts of the Finnish power sys-
tem:

e Regional network 110 kV

e HV/MV primary substations 110/20 kV (110/10 kV)

e MYV power distribution 20 kV (10 kV)

e MYV/LV secondary substation 20/0.4 kV

e Low voltage network 0.4 kV

e Industrial network 20, 10, 6, 3, 0.6, 0.5, 0.4 kV (Millar, 2016)
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Figure 9: Illustration of a Finnish distribution network. (Millar 2016)
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The structure of the distribution network is often built as a loop, but under normal operating
conditions, the loop is open at a certain point. At the electrical point of view, the network is
operated as a number of radial feeders. This configuration offers a back-up possibility if a
fault occurs between an isolation point and an open point. In rural area, it is common to have
a purely radial configuration without back-up interconnections, especially in low voltage
networks. Ring topologies are becoming more common while distribution automation (sub-
station and feeder automation) technologies are becoming more feasible for utilities. (Lak-
ervi & Partanen 2009)

4.3 Distribution network management at company level

DSOs have to make constantly long-term decisions relating to asset management, customer
satisfaction, reliability assessment, risk assessment etc. These decision makers use various
types of information systems to support the decision making process. Most commonly used
software systems in Finland for long term network planning and other management decisions
are Geographical Information System, Customer Information System and Automatic Meter
Management system.

4.3.1 Geographical Information System

Geographical Information System (GIS), sometimes referred as the Network Information
System (NIS), is a software system that contains information about the physical characteris-
tics of the network components. Physical characteristics include the component’s technical
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information, physical location of the components and economic values about the compo-
nents. The GIS system is mostly used as a supportive tool in asset management. The values,
that are stored in the information system, can be utilized when DSOs design the distribution

network and optimize the life time value of their network components. (Schneider Electric
2015)

4.3.2 Customer Information System

Customer Information System (CIS) consists of wide range of different functions related to
customer management. CIS is often referred as a Customer Relationship Management sys-
tem. The systems main objectives are storing customer activity data, customer service, man-
agement of contracts and billing. Before smart meter were installed, CIS was also used to
collect and store consumption data, which was used for customers’ load estimations. Ad-
vanced Meter management system took the responsibility of storing and analyzing the con-
sumption data, after the smart meters were installed in Finland. (Harjula M. 2008)

4.3.3 Automatic Meter Management

Automatic Meter Management (AMM), also referred as Meter Data Management System,
is a software system for managing metered consumption data, which can be used throughout
the utilities and shared with customers, partners, market operators and regulators. AMM
system is a key software component of Advanced Meter Infrastructure. The data used in an
AMM system consists primarily of consumption data. The software system that collects the
consumption data from the smart meter is often referred as an Automatic Meter Reading
system. (Harjula M. 2008)

4.4 Distribution network management at control center level

DSOs have to make constantly operational decisions in the distribution network, related to
distribution management, outage management, load control, and other controllability related
tasks. The information systems used for decisions mentioned above, are based on real-time
data gathered from measurement devices located in the substations and other network com-
ponents. The most common software systems used in a control center are SCADA, DMS
and OMS. The three software systems are sometimes integrated with each other, into one
integrated software system. The interconnections of the information systems in a typical
Finnish distribution network are illustrated in Figure 10. (Hilva 2013)
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Figure 10: The Interconnections between information systems in the distribution network. (Hélvi 2013)

4.41 SCADA

Supervisory Control and Data Acquisition (SCADA) is a centralized software system, which
is used to operate the electricity distribution network. The systems main objectives are con-
trolling and monitoring in real time the distribution network process. Controlling and moni-
toring requires two-way communication between substations and a control center. In more
detail, the SCADA system gathers data from various sources along the distribution network,
preprocesses it, displays it at the control center and stores it to a database. After this, the data
1s accessible for operational purposes and other information systems. The real-time opera-
tional tasks are executed by sending control signals from the control center to the substation.
The whole information system consists of remote thermal units (RTU) and Intelligent elec-
tric devices (IED) located in substations, a centralized operating system and telecommuni-
cation between these three. (Venkatesh et al. 2004)

4.4.2 Distribution Management System

Distribution Management System (DMS) is a centralized software system, which is used by
a distribution operator as a supportive tool for decision-making. The main purpose of the
system is to produce real-time supportive information to support the operation of the distri-
bution network. DMS imports data from other information systems and combines them to-
gether, in order to create supportive information for the DSOs. (Lakervi & Partanen 2009)

The main purpose of the DMS system is to process data from GIS and SCADA systems. The
system allows the decision makers to make calculated decisions based on real-time and a
static view of the distribution network. Data imported from GIS is used to produce a static
model of the network. This data consists of physical information about the network, such as
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location and characteristics of the components. Data from SCADA is used to create a real-
time model of the network. By combining these two models, DMS creates a dynamic model,
which shows the topological and electrical state of the distribution network. (Lakervi & Par-
tanen 2009)

4.4.3 Outage Management System

Outage management system (OMS) is centralized software system that helps DSOs manage
outages. With the help of SCADA, OMS can be implemented with real-time data awareness
of the entire distribution network. Instead of pre-engineered solutions, DSOs can make all
their decisions based on the current state of the network. When a fault occurs, the centralized
software system can determine optimal switching routes that can restore power the maxi-
mum number of customers, while considering priority customers (e.g. hospitals). When talk-
ing about software systems that are used for restoring outages in the distribution network,
DMS is sometimes referred as the outage restoration software. In these cases, the OMS prop-
erties are in integrated to the DMS.

OMS plays a big role in fault location. Before smart meters were installed, the OMS com-
bined the data collected from the substations, fault location devices and customer outage
reports. Nowadays OMS is processing smart meter data instead of customer calls in order to
localize the fault in the low voltage network. When combining the data from SCADA (sub-
station activity data), fault location devices and smart meters, locating the fault takes less
time (Gauci 2013). Improving system reliability with smart grid technologies will be dis-
cussed more in Chapter 5.

OMS can utilize historical weather data in a post-fault analysis. Because different weather
conditions can cause different types of system interruptions, DSOs can better prepare them-
selves for different types of component failures. Weather forecast based outage predication
also helps utilities to inform the media and customers about current outages and the possi-
bility of upcoming outages. (Chen 2014) (Gauci 2013)

4.5 Substation and feeder automation

Distribution network automation consists of network components RTUs, IEDs, control cen-
ter and secure communication. The biggest benefit automation brings to the DSOs is the
improvement of system reliability. The automation process can be dived into two categories:
substation automation and feeder automation. Substation automation enables electric utilities
to remotely control, monitor, and coordinate the distribution components installed in primary
substations, typically breakers, switches, transformers, and load tap changers using IEDs and
RTUs, such as sensors, meters, protection relays, and controllers. Some of the primary sub-
stations can be controlled remotely with a SCADA system from a centralized control center,
whereas RTUs are in the substation collecting telemetry data and sending it to the control
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center. This telemetric data can be utilized with the DSM and other software systems. Ac-
cording to the data collected by the Energy Authority (2016a), in 2014, all distribution com-
panies owned approximately 870 primary substations in Finland. (Schneider Electric 2015)

Feeder automation extends to circuits, disconnector stations and secondary substations be-
yond the primary substation. It typically includes re-closers, sectionalized switches, capaci-
tor banks, voltage regulators, and fault indicators, and their associated monitoring and con-
trol equipment capable of communicating with SCADA/DMS systems. Feeder automation
technology is not as much utilized as substation automation by DSOs. Feeder automation
technology will be discussed in more detail in Chapter 6. (Schneider Electric 2015)

There is no data available for Finnish distribution network’s level of automation at primary
substations and secondary substations. In this thesis, the automation levels of secondary and
primary substations will be researched by interviewing major distribution companies in Fin-
land. This will not represent the entire Finnish distribution network, since there are approx-
imately 80 different companies operating in Finland.

4.6 Advanced Metering Infrastructure

Advanced Metering Infrastructure (AMI) offers end-users, energy producers, regulators and
network operators multiple useful tools and services enabling the smarter use of energy. In
this thesis, the term AMI is used to describe a smart metering system. AMI involves the
deployment of a number of technologies, such as automatic meter reading system, AMM
system and smart meters. The technologies used in AMI vary depending on the country and
market conditions, but the main functionalities can be described as follows:

e Remote consumer price signals, which can provide time-of-use pricing information.

e The collection, storing and reporting personalized consumption data for any re-
quired time intervals

e Better energy consumption analysis from more detailed load profiles.

e Ability to help locating outages remotely by sending a signal when meter goes out
and when power is restored.

e Remote connection and disconnection of power

e Ability to detect losses and theft.

e More effective cash collection and debt management for retail energy service pro-
viders. (IEA 2011)

The European Smart Meters Industry Group (ESMIG) defines four functionality require-
ments for a smart meter: two-way communication, remote reading, support for advanced
tariff and payment system, and remote connection and disconnection of power (IEA 2011).

In a conventional grid, without AMI, the utilities have usually collected consumption data
manually. Consequently, utilities have had a lack of quality data on the consumption of their
customers. This lack of data limits the frequency and accuracy of consumers’ bills (ESMIG
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2009). This conventional billing system, which is based on consumption estimates and bal-
ancing bills, may cause confusion with the customers, if their consumption estimates have
notably differed from their actual consumption.

AMI allows the customers to gain more insight into their energy consumption and provide
tools to encouraging customers to better manage their energy. This increase in awareness is
one of the key motives behind the smart meter installment. The more accurate the available
consumption data is for the customer, the easier it is to manage his/her own energy consump-
tion.

In Finland, AMI infrastructure is based on an hourly measured electricity meter, which al-
lows remote reading and hourly based billing. Majority of smart meters were installed be-
tween 2008 and 2013. In 2014, 95 per cent of consumers had a smart meter installed in their
homes (Taloussanomat 31.10.2014). The Finnish smart meter also allows the consumer to
monitor his/her consumption in real time by buying an additional electricity consumption-
monitoring device.

The European Commission is planning to set a standard on the smart meter’s measurement
time interval, by the year 2019. Instead of one hour, as we have in Finland, The European
Commission is preparing to set a standard, which requires the AMI to measure customers’
consumption in 15-minute intervals. If this standard is going to be applied, Finnish distribu-
tion companies have to make major investments to adapt this new smart meter requirement.
The Energy Organization (Energiateollisuus ry) has estimated that one-fourth of the current
meters (even though almost every meter is already a ‘smart meter’) will have to be replaced.
The rest can be adjusted with a software update. Paikallisvoima ry estimates the total costs
to be 100 to 150 euro per customer. The motive for setting a standard, which requires 15-
minute measurement interval, is the increase of variable renewable energy generation. A
shorter time interval in beneficial for the power system, because the electricity generation
profile varies progressively when more intermittent solar and wind power production is con-
nected to the grid. (Yle 2016)
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5 Government and the EU driving the smart grid develop-
ment

5.1 Operational environment in Finland

In Finland, the electricity distribution business is a natural monopoly, which means that there
is no local competition between distribution companies and that the business itself is highly
regulated. The most important regulation is to ensure that the pricing stays reasonable for
the customers. To ensure that the regulation is impartial, there has to be unbiased third party
regulator. The Energy Authority acts as the regulator for distribution companies in Finland.
(Heikkila 2013)

In 2015, there were 79 different electricity distribution companies operating in Finland (En-
ergy Authority 2016a). The biggest legislative factor influencing the business of these 79
distribution companies is the Electricity Market Act that was approved by the parliament of
Finland in 2013. This act sets ambitious targets on system reliability. The Energy Authority
has been signed to supervise that the distribution companies will fulfill these requirements
mentioned in the act. This chapter will take a closer look on these requirements, mentioned
in the Electricity market act. (Energy Authority 2013)

The Energy Authority published a new regulation model for years 2016 — 2023, in 2015. The
regulation model defines the network value and incentives of the distribution company. The
network value defines how much turnover the company can make. Prior, one regulation
model was renewed every four years, in contrast for the eight years for the new regulation
model. This regulation model has high effect on the investment behavior of the distribution
companies, which directly affects what technologies or measures distribution companies in-
vest in, in order to reach reliability targets. In Chapter 5.3, the regulation model is discussed
in more detail, focusing on the relevant reforms made to the new regulation model. (Energy
Authority 2016b)

5.2 Electricity market act (2013)

The most influential legislation affecting the development of the Finnish distribution net-
work is the Electricity Market Act. This legislation came into effect on first of September
2013. Electricity Market Act’s main requirement is related to maximum outage duration.
When the requirements are coming to effect, the Energy Authority will be responsible for
supervising the distribution companies that they will reach these targets. If it seems that the
distribution companies are not going make enough investments to improve their system re-
liability, and it seems that they will not reach the required system reliability in time, Energy
Authority is obligated to interfere with the distribution company’s decision-making. (Energy
Authority 2013)
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5.2.1 Maximum outage duration requirement

The maximum outage duration requirement is first mentioned in the Electricity Market Act
(2013). The requirements main idea is to minimize outage durations in the long run in the
Finnish distribution network. According to the Electricity Market act, outages’, maximum
duration is six hours on normal areas, and in unconventional locations, the maximum outage
duration is 36 hours. The required maximum outage duration only applies to outages that are
caused by storms or a snow load, which are the most common cause for an outage in the
Finnish distribution network. The different causes for outages, in 2011, are show in Figure
11. 1t is notable that the year 2011 was a year with an exceptional storm in Finland. Tradi-
tionally wind or storm is causing approximately half of the outages in the Finnish distribution
network. (Heikkild, 2013)

Outage causes in 2011

H Wind or storm 69%

1%_‘3%

B Snow or Ice load 11%

® Thunder 3%

B Animals 1%

B Bad component design or
using error 2%

= Unknown 10%

Outside cause 1%

1 Planned outage 3%

Figure 11: Outage causes in 2011 reported by distribution companies (Heikkili 2013)

Electricity users connected to the distribution network on difficultly accessible islands are
exceptions to the requirement. Same exception can be applied to customers that consume
less than 2500 kWh of energy during the last three calendar years or if the customer is located
in such a remote area, that it would cause exceptionally large investments to satisfy the reli-
ability requirement.

The maximum outage duration requirement will be applied in stages. The first stage requires
that 50 % of the customers (not including leisure houses) must fit the outage requirement. In
the year 2023, 75 % of the customers must fulfill the requirement and in the beginning of
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2028, every customer must fulfill the maximum outage duration requirement, excluding the
exceptions mentioned before. (Heikkild, 2013)

The same Electricity Market Act will influence the amount of compensation electricity dis-
tribution companies are obligated to pay to customers due to outages. Before 2016, the max-
imum compensation was 700 Euros per customer, but after 2016, the maximum amount will
be 1500 Euros per customer and after the year 2017, the maximum compensation will in-
crease to 2000 Euros per customer. The new legislation changed the formula on how the
outage compensation is calculated. The new compensation is a portion of the yearly electric-
ity transmission payment a customer has paid during a calendar year. The compensation is
calculated, in relation to the yearly electricity transmission payment, as follows:

1. 10 %, when the outage duration has been more than 12 hours, but less than 24
hours;

2. 25 %, when the outage duration has been more than 24 hours, but less than 72
hours;

3. 50 %, when the outage duration has been more than 72 hours, but less than 120
hours;

4. 100 %, when the outage duration has been more than 120 hours, but less than 192
hours;

5. 150 %, when the outage duration has been more than 192 hours, but less than 288
hours;

6. 200 %, when the outage duration has been more than 288 hours. (Heikkild, 2013)

The compensation due to an outage is calculated as listed above, but it cannot increase above
the upper limit of 1500 Euros (2000 Euros after 1.1.2018) per customer. One customer re-
ceives compensation for every outage according to the list above, but the yearly sum of the
compensations per customer cannot be over the upper limit. If the distribution company is
not able to provide the required system reliability after 2028, the Finnish Energy Authority
can impose a penalty to the company, which failed to improve their system reliability to the
required level. The Energy Authority will determine the size of the penalty, but the maxi-
mum penalty payment is 10 % of the distribution company’s annual turnover. (Energy Au-
thority 2013)

The new Electricity Market Act sets ambitious targets on power system reliability. Most of
the Finnish distribution companies face large-scale investments in order to improve reliabil-
ity of their distribution system. As an example case, the Finnish distribution company Elenia
Oy faces thousands of outages every year. Figure 12, which is data collected from Energy
Authority’s website, shows the annual number of outages (over 12 hours), Elenia Oy has had
during the past six years (2010-2015). The Energy Authority tracks the number of outage
compensations Finnish distribution companies have paid to their customers during the cal-
endar year. Elenia Oy is the second largest distribution company in Finland with over 400
000 customers. (Energy Authority 2016a)
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Figure 12: Number of customers, who received outage compensation due to an outage (over 12h hours).
Data collected from Energy Authority's website. (Energy Authority 2016a)

As we can see from Figure 15, much has to be done in order to achieve the targets set by the
Energy Market Act. It should also take into account that the outages displayed in Figure 15
are for 12-hour outages. The target set by the Energy Market Act requires that there are no
over six hour outages, excluding unconventional areas.

Utilities can improve distribution system reliability either through preventive actions or by
remedial actions. Preventive measures include tree trimming, construction design modifica-
tion, animal guards, and so on. Preventive measures include also replacing overhead lines
with underground cables. The process of replacing overhead lines to underground cables
requires extensive initial investments. For example, Elenia Oy alone owns 24 000 km of MV
cables (Energy Authority 2016a). Remedial actions include adding protective devices, fault
location devices and other sensors, and various distribution automation functions. This tech-
nology does not usually prevent the fault from happening, but it can reduce drastically the
outage duration and the number of customers affected by the fault. (Soudi & Tomsovic 1998)

It is clear that both preventive and remedial actions are necessary for distribution companies
in order to achieve the targets set by the Energy Market Act. The smart grid technologies
used to improve system reliability within the MV network will be discussed in Chapter 6 in
more detail.

5.3 Relevant changes to the regulation model

The regulation model is a complex legislative framework published by the Energy Authority,
which defines how much money the distribution company can collect from the customers
and how much profit they can gain. The model can be downloaded for free, from the Energy
Authority’s website (Finnish version). (Energy Authority 2016b)
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In a simplified explanation, the regulation model defines the value of the network through
network components. This defined network value and the acceptable return of investment
rate defines on how much money can be collected from the customers. The different values
of network components are listed in the regulation model. If a network component is not
listed, the value cannot be added to the network value. In the new regulation model, which
came into effect in the year 2016, three new relevant ‘feeder automation’ devices were added
to the list of network components:

e Remote control device for a MV/LV secondary substation or a MV disconnector sta-
tion.

e Fault indication device for a MV/LV secondary substation or a MV disconnector
station.

e Communication device for a MV/LV secondary substation or a MV disconnector
station. (Energy Authority 2016b)

These three additions are most likely going to have an effect on the implementation of feeder
automation devices to the grid. Prior to the year 2016, distribution companies had to justify
the investment on these devices solely on the savings they generated. Since the beginning of
2016, the added value to the network value can have an effect on the investment decisions.
Whether this has an effect, depends on the priorities of the distribution company. Some dis-
tribution companies’ biggest priority might be to keep the prices low, while other companies’
biggest priority might be to have the most advanced and most reliable network possible. My
personal view is that the company’s ownership structure might have an effect on what strat-
egy the company favors. If the distribution company is owned by a town, hence the taxpay-
ers, the low prices for customers might be the number one priority. In these situations, the
profits generated through a higher network value, is paid by the customers, hence the ‘own-
ers’. If investors and pension funds own the distribution company, the owners do not suffer
from increased prices, when network value increases through investments. It is difficult to
state that the company’s ownership structure might have an effect on the investment strate-
gies, due to the vast number variables to consider in the decision making process.

In addition to the new feeder automation devices, that can be added to the network value,
there are incentives. These incentives are taken into account when adjusting the company’s
profits. The function of these incentives is to encourage the companies to operate, maintain
and improve their network more efficiently. All the different types can be found in the reg-
ulation model. The most relevant changes made to the incentives for the new regulation
model was the quality of supply incentive (Toimitusvarmuuskannustin), which was a com-
pletely new incentive type. This incentive encourages the distribution companies to improve
their system reliability by making premature network component investments. Premature
investments mean that a component is replaced before the usual component life time expires.
(Energy Authority 2016b)

The second major change made, regarding to the incentives, was the doubling of the quality
incentive (Laatukannustin). This incentive encourages the distribution company to decrease
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outage times. The incentive is calculated by the difference of the outage time between the
reporting year and the year before that. If the outage time has decreased, the time is multi-
plied by the average cost of an outage. This will lead to the quantity of the incentive. The
average cost of an outage is discussed more in Chapter 6.3. Prior to the year 2016, the in-
centive was 50 % of the incentive distribution companies get under the new regulation. (En-
ergy Authority 2016b)

5.4 European Union’s effect on Finland’s smart grid development

5.4.1 Smart grid mandate

In March 2011, the European Commission and EFTA (European Free Trade Association)
issued the Smart Grid Mandate M/490, which was accepted by the three ESOs (European
Standards Organization), CEN (European Committee for Standardization), CENELEC (Eu-
ropean Committee for Electrotechnical Standardization) and ETSI (European Telecommu-
nications Standards Institute) in June 2011. M/490 requests CEN, CENELEC and ETSI to
develop a framework for developing standards in the smart grid field. (European Commis-
sion 2011)

In order to answer the mandate M/490’s request, ESOs established the SG-CG (CEN-
CENELEC-ETSI Smart Grid Coordination Group) in July 2011. In 2012, the SG-CG pro-
duced the following reports: Sustainable Processes, First Set of Consistent Standards, Ref-
erence Architecture and Information security and data privacy. Same year, SG-CG produced
a Framework Document (CENELEC, 2012), which provides an overview of the reports. It
describes how the different elements mentioned above fit together as to provide the con-
sistent framework for smart grids, as requested by M/490. (CENELEC 2016)

5.4.2 Smart meter mandate

The EU Directives concerning common rules for the internal market for electricity and gas
(2009/72/EC) and 2009/73/EC) and the EU Directive on energy efficiency (2012/27/EU)
require member states to ensure the implementation of intelligent metering systems that shall
assist the active participation of consumers in the energy market. This requires that all the
EU member states have to have a smart meter in at least in 80 % of the households by 2020.

In order to achieve this goal, the European Commission and EFTA set the mandate M/411
in 2009, which requires CEN, CENELEC and ETSI to develop an open architecture for util-
ity meters involving communication protocols interoperability (smart metering). CEN,
CENELEC and ETSI founded the SM-CG (Smart Meters Coordination Group) to achieve
the goals in the mandate. SM-CG published a technical report called functional reference
architecture for communications in smart metering systems, where they identify the func-
tional entities and interfaces that the communications standards in should address (SM-CG
2011). Between the years 2013 and 2014 SM-CG published three reports about privacy and
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security regarding smart meters. All the reports can be found on CENELEC’s website.
(CENELEC 2016)

5.4.3 European Electricity Grid Initiative (EEGI)

EEGI (The European Electricity Grid Initiative) proposes a 9-year European RD&D (re-
search, development and demonstration) program initiated by electricity transmission and
distribution network operators to accelerate innovation and the development of a smarter
electricity networks in Europe. The proposed RD&D program focuses on system innovation
rather than on technology innovation. The main focus in the RD&D program is the integra-
tion of new technologies under real life working conditions. (ENTSO-E & EDSO 2010)

The first EEGI roadmap and implementation was prepared by ENTSO-E (European Network
of Transmission System Operators) and EDSO (European Distribution System Operators)
in 2010. An upgraded version of the EEGI implementation plan was produced in 2013 within
the GRID+ project. GRID+ is a Coordination and Support Action which has been created by
the EU to provide operational support for the development of the EEGI. EEGI is one of the
European Industrial Initiatives under the SET-PLAN (Strategic Energy Technologies Plan).
The strategic objectives of the EEGI are:

e To transmit and distribute up to 35% of electricity from dispersed and concentrated
renewable sources by 2020 and a completely decarbonized electricity production by
2050.

e To integrate national networks into a market-based, truly Pan-European network, to
guarantee a high quality of electricity supply to all customers.

e To anticipate new developments such as the electrification of transport.

To substantially reduce capital and operational expenditure for the operation of the networks
while fulfilling the objectives of a high quality, low-carbon, Pan-European, market based
electricity system. (GRID+ 2016)
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6 Improving system reliability with feeder automation
RTUs

6.1 Background

System reliability of the electric power system is crucial to the economy and the well-being
of the society. All around the world, especially in Finland, aging infrastructure and increas-
ing intermittent generation are challenging system reliability. On top of these challenges,
policy makers are demanding increasingly higher system reliability standards from the
power system. The Electricity Market Act (2013) sets ambitious targets for outage durations
in Finland (Energy Authority 2013). System reliability and continuous power supply is not
a problem for the distribution network alone, but the problem is definitely one of the biggest
for the future distribution networks. Given the fact that nearly 90% of all power outages and
disturbances have their roots in the MV network, improving system reliability has to be ad-
dressed at this level. This thesis is focusing on faults happening in MV networks. The focus
is on the remedial actions, which includes feeder automation technologies. Because outage
time reduction is not the only benefits of feeder automation, other benefits are also discussed
briefly. (Farhangi 2010)

This chapter will discuss how distribution companies can improve their MV network with
feeder automation technologies. The benefits of these technologies come from better fault
management, network operation optimization and better asset management. The main func-
tion of feeder automation technologies is to indicate the fault and restoring power as fast as
possible when a fault occurs somewhere in the MV network.

6.1.1 Underground network and system reliability

One of the most common causes for a fault in the MV network is a fallen tree on an overhead
cable. Because of this, the most common way to decrease the number of faults is to replace
overhead cables with underground cables. This way, cables are secured form outside dis-
turbances. The underground cabling percentage (underground cable length compared to the
total network length) varies a lot between distribution companies. Helen Sdihkoverkko Oy
has 99,7 % of their MV cables underground, whereas PKS Sdhkonsiirto Oy has only 3,9 %
of its MV cables underground. Usually distribution companies in cities and other highly
populated areas have higher cabling percentages. The total weighted average for under-
ground cabling percentage in Finland’s MV network was 18,97 %, in 2015. (Energy Author-
ity 2016a)

Replacing overhead cables to underground cables can be highly expensive. In order to esti-
mate the economic feasibility for placing cables underground, there has to be a clear under-
standing, how much faults can be avoided in a specific location. This can be difficult to
estimate, because fault frequency is highly affected by extreme weather events and storms
like Tapani-myrsky, in 2011, happen rarely in Finland. VIT and Tampere University of
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Technology have published a research report, where the research group estimated an average
fault frequency for MV overhead cables and MV underground cables in Finland. According
to the research report, overhead cables suffer on average 0,05 faults / km*year and under-
ground cables’ fault frequency is between 20—-50 % compared to overhead cables, which
translates to 0,01-0,025 faults / km*year. The first observation from these values is that,
even though 100 % of overhead cables are replaced with underground cables, there is sig-
nificant amount of faults still happening. (Verho et al. 2009-2011)

It is difficult to estimate how much exactly the underground cabling percentage correlates
with distribution companies’ outage times. All distribution companies in Finland vary dras-
tically in their topologies and customer densities (how many meters of network cable per
customer), but the 11 “city networks”, also known as KV'11, can be compared in relatively
fairly matter. According to the data, gathered by Energy Authority, the correlation between
MYV cabling percentage and outage times (SAIDI), caused by an unexpected fault in the MV
network, can be analyzed:
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Figure 13: Correlation between SAIDI (unexpected fault in MV network) and MV underground cable -
%. Data is collected from Energy Authority’s’ website (2016a).

As we can see from Figure 13, there is a high correlation between SAIDI and the under-
ground cable percentage amongst the 11 distribution companies. The correlation is not per-
fect, for example, LE-Sdhkverkko Oy has clearly the least of its MV network cables under-
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ground, but three companies have higher SAIDI averages. One explanation for Lappeenran-
nan Energiaverkot Oy’s high SAIDI values are an abnormal outage year in 2013, when the
company’s SAIDI was 5,8 h/a. According to Lappeenrannan Energiaverkot Oy’s report, in
2013 their MV network suffered from extreme weather events and two major sewer leakages
causing large outages throughout the distribution network (Lappeenrannan Energia Oy
2014).

6.2 How to quantify system reliability?

There are so many stakeholders (e.g. consumers, DSOs, producers) that it can be somewhat
difficult to decide how to measure system reliability in the power system. Distribution com-
panies have been using for a while two performance-based rates for system reliability: SAIDI
(System Average Interruption Duration Index and SAIFI (System Average Interruption Fre-
quency Index). The IEEE (The Institute of Electrical and Electronics Engineers) and Distri-
bution Reliability Working Group have developed a standard for both SAIDI and SAIFI.
The two organizations have also defined a concept measuring system reliability called MED
(Major Event Days). (Larsen et al. 2015)

The IEEE standard 1366 defines SAIDI and SAIFI as follows:

Y. Customer interruption durration

SAIDI = (1)

Total number of customers served

Y. Total number of customers interrupted

SAIFI =

Total number of customers served (2)
MEDs refer to times (days) during the year when the utility is subjected to significant, yet
generally irregular stresses, often due to severe weather. The number of major events expe-
rienced by a utility in any given year can vary considerably, yet because they are large events,
they have a disproportionate effect on reported reliability. MED factor is used as a supportive
term when comparing SAIDI and SAIFI between different utilities. SAIDI and SAIFI cannot
provide a fair comparison between system reliabilities of different distribution companies if
MED are not considered at all, when comparing system reliability between distribution net-
works. (Larsen et al. 2015)

IEEE has defined, what counts as a major event. A major event day is a day in which the
daily SAIDI exceeds a threshold value, Tmep. The threshold value Twmep is based on the
utility’s daily SAIDI values (IEEE 2002). The complete definition can be found in IEEE
standard publication: 1366-2012 - IEEE Guide for Electric Power Distribution Reliability
Indices.

In addition to these three measures, Customer Average Interruption Duration Index (CAIDI)
is also a common reliability index used by distribution companies. CAIDI tells the average
outage duration time for any given customer. In other words, CAIDI is the average restora-
tion time for an outage.
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CAIDI is can be calculated as with equation (3) (Larsen et al. 2015):

SAIDI
SAIFI (3)

CAIDI =

CAIDI is a useful measure, when addressing remedial actions to decrease outage times. Be-
cause fault frequency cannot easily be affected with smart devices in the MV network, av-
erage restoration time for an outage is a useful measurement, when quantifying benefits for
a particular feeder automation solution. (Larsen et al. 2015)

6.3 The cost of an outage

In order to make cost-benefit analyses for fault management solutions, a distribution com-
pany has to know how much they are losing money during an outage. Without knowing this,
they cannot quantify the benefits for a particular investment, presuming that the investment
is intended to reduce SAIDI. Estimating the value of undistributed electricity can be difficult.
Some could argue that the cost of an outage is equivalent to the amount of electricity the
customer would have consumed; hence, the outage cost would be the market value of missed
sales. Because electricity is considered as a necessity, the cost of an outage is considered to
be significantly higher than just the market value of undelivered electricity. There are dif-
ferent methods to estimate outage costs, but survey based estimations have been considered
as the most accurate. The most recent large survey based outage cost estimation for different
customer types in Finland was made by Silvast et al. (2005).

The outage costs are dependent on customer type, duration of the outage and the time the
outage is happening. Customer Interruption Cost (CIC) is the reference value used to quan-
tify the monetary value of an outage. In Finland, Energy Authority uses the CIC values rep-
resented in 7Table 3. The CIC values are categorized by the following customer types: Resi-
dential customers, Agricultural customers, Industrial customers, Commercial customers and
Public service customers. The weighted average has been calculated based on year’s 1995
market statistics. (Energy Authority 2007)

Customer type Market share Unexpected permanent outage
% €/kW €/kWh
Residental 43 0,36 4,29
Agriculture 7 0,45 9,38
Industrial 17 3,52 24,45
Commercial 12 1,89 15,08
Public serice 21 2,65 29,89
Weighted average 100 1,1 11,0

Table 3: CIC values used by the Energy Authority. (Energy Authority 2007)

The CIC values in Table 3 only represent unexpected permanent outages. The majority of
outages are transient, which last not more than couple of minutes. The cost of short transient
faults (couple of seconds) is 0,55 €/kW and for longer transient faults (1-3 minutes) 1,1 €/kW
on average. Planned outages have their own CIC values as well, but these faults are not
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relevant for this thesis. The weighted averages are not directly calculated with the weights
and costs of different customer groups. According to Energy Authority (2007), the proposed
values take into account the difference between the times outages are happening between
customer groups. Energy Authority has proposed the weighted averages as the official CIC
values for future studies and applications in Finland. (Energy Authority 2007)

6.4 Benefits of feeder automation

The biggest reasons for automating the MV network is to have better fault management. In
addition, there are benefits through network operation optimization and asset management.
In reality, feeder automation means more monitoring and controllability at the MV level.
Improving monitoring and controllability in the MV requires intelligent RTUs at secondary
substations and disconnector stations, which are capable of various different function. The
primary functions usually include remote controllability of the switch, fault indication and
two-way communication between SCADA or DMS.

Today, primary substations (HV/MV) are usually automated. The monitoring and controlla-
bility of the distribution network happens through a protection relay and a circuit breaker at
the primary substation. Without any smart devices downstream from the primary substation,
a fault somewhere in the distribution network (LV or MV) causes the relay to trip the breaker
on the faulted MV feeder, causing an outage to everyone downstream from this MV feeder.
The relay is able to send information about the fault type to the control center, but the loca-
tion of the fault is difficult to estimate. Increasing the monitoring and controllability in the
MYV network will lead to faster fault location and power restoration. The question for utilities
is; which costs more, the smart device or the avoidable expenditure caused by the outages.

6.4.1 Benefits of better fault management with feeder automation

Fault management is the most significant benefit feeder automation brings to the DSOs, at
least in Finland. Fault management has two functions: Locating the fault, and power isola-
tion and restoration. The technologies used for these functions are listed in Table 4. (Lehto-
nen & Kupari 1995)

Function Solution

Locating the fault Fault indicator, Fault distance computation

Fault isolation and network reconfiguration, | Remote control switch, Back-up network con-
self-healing nections, automated network reconfiguration

Table 4: Benefits of better fault management (Lehtonen & Kupari 1995)

Fault management brings value through reduction in SAIDI. Fault management do not pre-
vent the fault from happening but it is a remedial action to reduce SAIDI. This means that
the outage duration decreases and the number of customers affected by the fault decreases.
The annual benefits from these technologies can be calculated using this formula (Lehtonen
& Kupari 1995):



46

V=EXCXrn (4)

Where V is the annual savings on a feeder, E is the average annual energy not delivered due
to network faults per feeder, and C is the average CIC value. The CIC value was discussed
in Chapter 6.3 in more detail. The average CIC values of 11 €/kWh and 1,1 €/kW, presented
in Table 3, are widely used in investment calculations in Finland. The last parameter, r;, is
the per unit outage reduction due to the specific technology/solution. The r; value can be a
value based on experience or it can be calculated on a formula, based on the specific solution
(e.g. fault indication). The r; value for each technology is discussed in more detail in Chapter
6.4.2 (Lehtonen & Kupari 1995)

The annual average energy not delivered due to a network fault on a feeder, E, can be cal-
culated with the equation (5) (Lehtonen & Kupari 1995):

E:/’{lextmeP (5)

where Ay is the average fault frequency of the feeder, [ is the length of the feeder, tf, is the
average outage duration per fault before the remote automation devices were installed, and
P is the power demand on the feeder. (Lehtonen & Kupari 1995)

Fault indication is the first step in fault management. In this context, a fault indicator can
communicate remotely with the control center. Without fault indication, DSOs only get in-
formation about the fault from the relay, which is at the beginning of the MV feeder, in the
primary substation. Fault indicators divide the MV feeder into sections, and when a fault
happens, the control center will get the information; in which section of the network has the
fault happened. This will allow DSOs to isolate the faulted section and restore power to
healthy parts of the grid. The r; value for fault indication depends on the number of fault
indicators on the feeder and the time spent on locating the fault, compared to the whole
outage time. (Lehtonen & Kupari 1995)

Fault location computation is the next step in locating the fault. Fault indicators tell DSOs
only the section of the feeder where the fault is. The section, especially in rural areas, can be
many kilometers long. That is why fault distance computations are crucial part of fault man-
agement. Fault location computation need two things to work; an intelligent relay or a RTU
in the network gathering data, outage management software at the control center, and com-
munication between these two. In Finland, the most common fault location computation
happens with the data gathered by a protection relay at the primary substation and a fault
management software (DMS or OMS). An intelligent relay is able to send remotely the
power quality data to the control center, where the software calculates an estimation of the
fault location. The number of fault indicators and smart monitoring devices (needs to have
communication capabilities) at secondary substation level will increase the accuracy of fault
location computation. (Sadeh et al. 2013)
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The most common fault location computations are based on impedance-based methods.
These impedance-based methods estimate the distance of the faulted point from the primary
substation based on the impedance estimation as seen from the fault locator point. The im-
pedance based fault location methods usually estimate several locations. This is why the
common drawback of the impedance-based methods, is the fact that it cannot determine the
exact fault point, only possible fault locations. To overcome this drawback, additional indi-
cation devices are needed along the distribution network. (Sadeh et al. 2013)

Fault isolation and power restoration is what happens after fault has been located with
enough accuracy. Remote switches can isolate the faulted section of the network and restore
power to the healthy parts of the network by reconfiguring the network topology. Network
reconfirmation requires back-up connections in the network topology. This network recon-
figuration can be done manually by a DSO through SCADA or by an automated intelligence.
The intelligence can be centralized or decentralized. When the fault is isolated and the net-
work is reconfigured without DSO’s actions, it is usually referred as a self-healing grid.
Remote switches or self-healing capabilities do not prevent the fault from happening, but
they will decrease the number of customers affected by the fault, thus decreasing the number
customers experiencing an outage. The benefits of fault isolation and power restoration can
be calculated through the reduction of outages times experienced by the customers. The ben-
efits are directly related to the size of the isolation sections, which is directly related to the
number of remote switches along the feeder. (Lehtonen & Kupari 1995)

6.4.2 Estimating SAIDI reduction potentials for different feeder automa-
tion technologies

In this chapter, the SAIDI reduction potentials for feeder automation technologies (remote
switches, fault indication) are estimated. The parameters of potential SAIDI reduction is the
1; parameter mentioned in in equation (1), in Chapter 6.4.1.

As it was stated earlier, r; value can be based on experience or it can be estimated based on
parameters specific for each technology. All equations estimating the 7; value of each tech-
nology presented in this chapter take into account the overlapping of the benefits of other r;
values. For example, if fault indication manages to reduce enough outage time, the SAIDI
reduction potential for fault location computation becomes smaller. (Lehtonen & Kupari
1995)

For fault isolation and power restoration, the potential SAIDI reduction, 75, can be esti-
mated based on the number of remote controlled switches, with equation (6) (Lehtonen &
Kupari 1995):

_ Ngsw
T = (©)

The value 15,, is the SAIDI reduction potential percentage per one feeder. The ng,, value is
the number of remote switches on the specific feeder. The key observation related to this
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formula is the asymptotic nature of the function, which means that the derivate of the func-
tion gets closer to zero, when ng,, gets bigger. This means that the marginal benefits get
smaller when more remote switches are installed on the feeder, which also means that the
first installed remote control switch brings the biggest benefits on a specific feeder. (Lehto-
nen & Kupari 1995)

For fault indication, the potential SAIDI reduction, 7%;, is subject to the number of fault in-
dicators per feeder. The 7y; value estimation can be calculated with equation (7) (Lehtonen
& Kupari 1995):

i (7

The ng;value is the number of fault indicators on the specific feeder. The nature of the func-

tion is same as in equation (7), except the benefits are smaller. The equation assumes that
fault location takes up 50 % of the total outage time. (Lehtonen & Kupari 1995)

6.4.3 Benefits of Volt/Var optimization and power quality monitoring

Volt/var control is used to increase distribution network’s efficiency. The system efficiency
improvements lead to energy savings and postponed grid reinforcements. In practice,
volt/var control means that the voltage levels and reactive power are managed with capaci-
tors banks and other voltage regulating devices. The benefits of controlling the reactive
power and voltage levels are usually discussed in the same context, because capacitors are
able to control reactive power, which affects the voltage profile of the line (Lehtonen &
Kupari 1995). Volt/Var optimizing relates to enhanced volt/var control capabilities through
smart monitoring of the power quality. Volt/var optimizations improvement areas, impacts
and benefits are listed in Table 5. (U.S. Department of energy 2012)

Improvement area Impacts Benefits for utility
Improved voltage Lower peak demand Postponed capacity upgrades
control Lower over power consumption Reduction in energy consumption

Lower reactive power peak demand Postponed capacity upgrades
Improved var control P P p pacity upg

Lower line losses Reduction in energy consumption

Ability to withstand wider range of

Integration of DG ) N )
load and generation conditions Less expensive system upgrades

Table 5: Benefits of volt/var optimization (U.S. Department of energy 2012)

As we can see from Table 5, volt/var optimization has an impact on DG integration to the
grid. DG generation usually alters the load profile of the feeder, which means that the max-
imum power demand of the feeder might increase, when new DG is installed. In addition,
DG can have a significant effect on the voltage levels on the feeder. Whether these two
problems, caused by DG, are a serious concern for Finnish DSOs, will be discussed more in
Chapter 7. The benefits of volt/var optimization for DSOs come from postponed capacity
upgrades and reduction in energy consumption. (U.S. Department of energy 2012)
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In the future, when DG is expected to increase, accurate monitoring of power quality will
become more important. Feeder automation RTUs enables larger scale of integration of MV
and LV intermittent DG by managing the network in real time with power and voltage mon-
itoring. (Schneider Electric 2015)

6.4.4 Benefits through better asset management

Power quality monitoring at secondary substation level brings useful information about the
network components. Receiving real time power quality data from the secondary substations
can help detect component problems before they escalate and when it’s still easy to address
them. This minimizes the probability of costly interruptions during inconvenient time peri-
ods. Real time monitoring of e.g. power quality and temperature can also decrease the num-
ber of maintenance visits to the substations. Real time monitoring of secondary substations
brings monetary savings through postponed power line reinforcements, postponed trans-
former station reinforcements, avoided inconvenient interruptions and reduced on-site
maintenance. (Lehtonen & Kupari 1995)

6.4.5 Added network value from feeder automation RTUs

The network value, which is defined by the regulation model, determines how much revenue
the distribution company can generate. The network value and the regulation model was
discussed in more detail in Chapter 5.3. As it was stated earlier, the new regulation model
(2016 — 2023) introduced feeder automation components to the ‘list of accepted compo-
nents’. If a RTU is capable of fault indication, remote control of the switches and two-way
communication, the distribution company can add 9100€ to the network value per one in-
stalled RTU. In addition to this, one a remote controlled secondary substations or discon-
nector station will add 550€ to the network value through the value of DMS system and
2200€ through SCADA system. (Energy Authority 2016b)

6.5 Potential savings through CAIDI reduction on a specific MV
feeder

The potential savings on a MV feeder for a specific feeder automation technology can be
determined if the potential CAIDI (average outage duration) reduction can be estimated.
Calculations based on CAIDI reductions are useful when distribution companies are address-
ing the benefits of fault indication, for example. This is because fault indication in itself does
not affect the number of customers affected by a network fault; it only affects fault location
time.

The potential savings for one feeder, covering the entire lifetime of the components, can be
estimated using equation (8):
n
Zpave X CIC X tiTld X ff
60 X (1 +1r)"

(8)

i=0
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Equation (8) is based on equations used in M. Kauppi’s thesis (2014).

If the fault frequency f; of the feeder is unknown, an approximation can be calculated based
on the underground cabling percentage, using equation (9):

fr =0,05(1 — a)l + 0,0175al )

Equation (9) is based on prior research made by Verho et al. (2009-2011)

Input data needed for the calculations:
e P, average power demand on the feeder, kW
® ti,4, reduction in average outage duration, min (CAIDI reduction)
e 7, interest rate, %
e f¢, fault frequency, faults/year (optional)
e [ line length, m (if fault frequency is not known)
e a,underground cabling percentage of the feeder, % (if fault frequency is not known)

Input parameters needed calculations:
e (IC, customer interruption cost, €/kWh
e n, the average life time of the components, years
® fr1, average fault frequency on an underground feeder, faults per year (if fault fre-
quency is not known)
® fr,, average fault frequency on an overhead feeder, faults per year (if fault frequency

is not known)

The input data needed to for assessing the benefits of CAIDI reduction are all easily acces-
sible. The only value causing uncertainty is the reduction in average outage duration.

Input parameters are all based on previous research conducted in Finland. CIC values are
the average customer interruption costs mentioned in 7able 3: 1,1 €/kW; 11 €kWh. The
value was explained in more detail in Chapter 6.3. The average life time of network compo-
nents n is taken from the Energy Authority’s regulation model. The regulation model was
briefly discussed in Chapter 5.3. The regulation model mentions the life time of a fault in-
dicator as 15 — 25 years (Energy Authority 2016b). In sake of clarity, the average component
life time for fault indicators is 20 years. Therefore n is 19 years in equation (8), when the
counting starts at year 0. The average fault frequency on underground feeders and overhead
feeders are explained in Chapter 6.1.1. For overhead feeders, the average fault frequency fr4

in Finland is 0,05 faults/km*year and for underground the f¢, value is between 0,01 — 0,025

faults/km*year. For clarity, the average fault frequency rate for underground feeders is
0,0175 faults/km*year.
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6.6 Optimizing feeder automation in MV networks

Automating the MV network is both a technical and economic optimization issue. This thesis
focuses more on the economic side of this issue. From economic point of view, the goal in
feeder automation is to minimize the long term costs related to network operations. Even
though feeder automation brings value through network operation optimization and asset
management, the most significant benefits comes from fault management. Because there are
a large number of line switches and tie points in the MV network, automating every single
point is not usually cost-effective. The key is to find the most cost-efficient level of automa-
tion in the MV network. In general, it is not feasible to get rid of all outages.

As it is for all decisions related to improvements in system efficiency, the optimal level of
investments in new technologies can be calculated by minimizing the total lifetime costs
including costs related to system inefficiency (outages in this case), investment costs and
operational costs. In Figure 14, the optimal level of outages is represented, where Consumer
Costs represent the outage costs and Distribution Network Operator Costs represent the total
costs related to feeder automation technologies. (Gauci 2013)

Costs ‘ Total Costs

Distribution Network
Operator Costs

Consumer Costs

._\_\__,_,_o-'-""'_f -_-—----_———_

-
Optimal quality level Quality

Figure 14: Optimal quality level for distribution companies (Gauci 2013)

The savings in feeder automation, in terms of reducing SAIDI, comes from automatic fault
isolation and power restoration. This can be achieved by installing intelligent RTUs into
secondary substations along the MV feeder. These RTUs have to have at least the following
automation functions:

e Motor drive for the load break switches.
e Fault passage indication
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e Two-way communication capabilities with SCADA

RTUs, that are capable of functions mentioned above, are able to divide the network into
sections. When a fault happens along the MV feeder, the RTUs can isolate the faulted section
and after this, a normally open back-up connection point can be closed, in order to restore
power to healthy sections of the feeder. The more RTUs are installed to secondary substa-
tions, the smaller the sections are along the feeder. The SAIDI reduction is related to the size
of the section and the number of back-up connections. (Koozehkanani et al. 2015)

The most cost-effective strategy for applying intelligent RTUs to the MV network can be
modeled and solved with an optimization problem. The objective function for the optimiza-
tion problem is minimizing the total costs for a predetermined time period. The time period
can be the average life time of an intelligent RTU, for example. Decision variables for the
optimization problem are the number of RTUs and their placement in the network topology.
There are various algorithms for this optimization problem, but one general objective func-
tion is as follows (Koozehkanani et al. 2015):

n m n
Min CF = Z(oc x D,) + Z(Si) X AC + z MC x D, (10
t=1 i=1 t=i

In which CF is the total costs function, OC is the costs related to outages, n is the number of
years taken into account, S; is the decision variable related to the installation of a RTU on
the i" switch, m is the number switches that can be equipped with a RTU, AC is the costs
related to instalment of a RTU, MC is the annual operational and maintenance costs related

tt" year. More detailed

to the automation equipment, and D, is the discount factor for the
description of the optimization problem is presented in Koozehkanani et al.’s research paper

(2015).

6.7 Example of a feeder automation RTU

There are RTUs available and in use in Finland, which are capable of controlling and mon-
itoring remotely secondary substations. Siemens, ABB, Netcontrol and Schneider Electric
all offer their own feeder automation RTUs with minor differences, but this thesis will take
a look at Schneider Electric’s feeder automation RTU. Schneider Electric’s T-300 is a mod-
ular RTU, which can be placed in various parts of the distribution network. Because RTUs
with remote monitoring and control capabilities requires significant investments, the con-
struction of new secondary substations is the most likely place for a T-300 RTUs. An exam-
ple of a T-300, with specific modules, is represented in Figure 15. These different modules
represented in the picture below, are all connected to the same unit framework inside the
MV/LV substation kiosk, except the monitoring of the LV feeders.
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Figure 15: Illustration of a T300 in a secondary substation.

The switch controller module enables the remote control of the load break switch through
SCADA or DMS. 1t also has a fault passage detector for fault indication. Transformer and

LV monitoring module is able to measure current, voltage and power flow of the LV side.

Head Unit module acts as a two-way communication gateway between SCADA and other
modules connected to the main unit framework. The communication between the Head Unit
and SCADA complies with security standard /EC 62351-5. Power Supply module powers
all the other modules connected to the same unit framework. There are also self-powered

and wireless power meters for LV feeders, which communicates with the transformer and

LV monitoring module through Wi-Fi.
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7 Interviews: DSO’s current feeder automation level and
view of the smart grid

7.1 Background

Six different distribution companies were interviewed in this thesis, in the purpose of getting
information about major DSOs’ feeder automation level and their opinion regarding their
view on the future of smart grid technologies in their distribution network. The answers do
not necessary represent the official opinion of the distribution company. Answers only rep-
resent the opinion of the company employees that were interviewed. The following distribu-
tion companies were interviewed:

e (Caruna Oy & Caruna Espoo Oy
e Elenia Oy

e Helen Sdhkoverkko Oy

e Jérvi-Suomen Energia Oy

e Tampereen Sédhkoverkko Oy

e Turku Energia Sdahkverkot Oy

All except Tampereen Sihkoverkko Oy were interviewed face-to-face at the company’s
headquarters. Tampereen Sdhkoverkko Oy was interviewed via e-mail. Caruna Espoo Oy
and Caruna Oy was interviewed in the same context for convenience reasons. The interview
answers are not separated for these two companies. All the face-to-face interviews were
conducted between 16.9.2016 —2.10.2016.

The questions were divided into two different categories. The first category focused on the
general technical information about the network and the current feeder automation RTUs in
their network. This category was interviewed and documented with a predetermined form,
where the questions were as simple as possible. The questions were design to be simple in
order to get as comparable results as possible. The second part of the interview consisted of
three open questions related to smart grid views in general.

Technical questions that were asked from the DSOs were design to show more detailed
technical information about the network components in the MV network, in contrast to the
public information available at Energy Authority’s website. These questions were asked to
get a sense of magnitude of possible places feeder automation technologies can be installed.
These questions were also meant to get an idea, what is the current automation level at the
medium voltage level. The most important technical questions asked in the interview:

e HV/MV substation automation level (%)

e Number of Pole Transformer stations - Number of new ones per year?
e Number of Kiosk Transformer stations - Number of new ones per year?
e Number of MW pole switches — Number of new ones per year?
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e Current automation level at kiosk transformer stations (remote control)?
e How many new kiosk transformer stations are going to be automated? (Plan)

Open questions were designed to get opinions and views about the external drivers affecting
future smart grid trends in Finland. Three questions were asked from each distribution com-
pany. First question was: “What legislations / regulations should be renewed in order effec-
tively support the implementation of smart grid technologies?””. With this question, the goal
was to discover negative aspects about the regulation model (discussed in Chapter 5.3) or
other legislative things that should be changed in order to ensure a faster implementation of
smart grid technologies. This question was not targeted to the MV network alone. The sec-
ond question, “What challenges do you expect smart grid solutions to solve in the near future
for distribution companies (5 to 10 years)? “, was directed to smart grid technologies in
distribution network alone. This question was design to get information about DSOs needs
regarding what challenges they would like to be solved with smart grid technologies in the
near future. Because new technologies tend to be developed to solve customers’ problems,
the answers to this question will likely give a hint what smart grid technologies might be
available in the near future for DSOs. The third question, “Views on the effects of the in-
creasing solar power production?”, is a straight forward question related to the increase in
renewable DG, specified in solar power, and its effect on the grid. Wind power is ruled out,
because, according to research made by Gaia Consulting Oy (2014), small scale wind power
production as DG is not going to significantly increase in Finland.

7.2 Answers and discussion

Technical question: According to the interviews, it seems that the automation level of pri-
mary substations is 100 % in Finland. Every distribution company interviewed informed that
all of their primary substations were automated. This answer was somewhat expected. It is
notable to mention that there are different stages of automation. But in this context, 100 %
referred to remote controllability switches and breakers. The answers to the questions di-
rected to the number of existing and new switching stations, pole transformer stations and
kiosk transformer stations can be found in the Appendix. The automation level of kiosk trans-
former stations is presented in Figure 16. Caruna Oy did not deliver information related to
the automation level. The automation level of kiosk transformer stations was chosen for the
interview, because investments are focusing currently more on new underground substations
kiosks, rather than new pole transformer stations.
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Figure 16: Kiosk transformer station in remote control (existing and new) by different DSOs

Figure 16 shows that Elenia Oy, Helen Sihkoverkko Oy and Jérvi-Suomen Energia Oy have
almost the same automation level in their kiosk transformer stations. Helen Sihkéverkko Oy
is the only company out of the three, which is going increase the share of remote controllable
kiosk transformer stations in the near future. Tampere Sihkoverkko Oy has 13 % of kiosk
transformer stations automated, and it seems that their near-future plan is not to increase this.
Turku Energia Sdhkoverkot Oy has the lowest current automation level in kiosk transformer
stations, but as we can see from Figure 16, half of their new kiosk transformer stations are
going to be remote controllable. This means that Turku Energia Sihkoverkot Oy is expected
to see an increase in their automaton level (remote control) in the near future. It is worth
mentioning that Jarvi-Suomen Energia Oy and Elenia Oy are rural network. This means that
their network topology differs from the city-networks, and their outage times are signifi-
cantly higher due to the long radial overhead feeders. The values for new “new kiosk trans-
former stations into remote control” is only an estimate. The interviewees emphasized that
it varies year by year. For example, Elenia Oy had a period between 2009-2016, where the
company invested heavily on remote control transformer stations.

Open questions:

“What legislations / regulations should be renewed in order effectively support the imple-
mentation of smart grid technologies?”:
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The most common critique towards the current legislation / regulations related to the regu-
lation model’s component value list. Helen Sihkéverkko Oy and Elenia Oy mentioned that
the 8-year regulation period might be too long regarding adding new components to the
component value list. It would be beneficial, that emerging technologies could be added to
the list during this 8-year period. Elenia Oy emphasized that this applies only for mass in-
stallations, and that the current incentive for new innovations works well with testing new
technologies. Tampere Sihkoverkko Oy mentioned that every component should be able to
add network value, and not just the components on the ‘list’. Two companies mentioned
regulation model’s incentives. Turku Energia Sdhkoverkot Oy mentioned that the incentive
scheme should be more clear and direct, compared to the current, more indirect-based, in-
centive scheme. Caruna Oy’s opinion differed from the others’ opinions. Regarding elec-
tricity storage, Caruna Oy wanted to open a dialogue about the possibility of the DSO own-
ership of storages (at the moment, DSOs cannot own electricity storage). Therefore, these
electricity storage components could be added to regulation model’s ‘component value list’.
Overall, the answers related to regulation and legislation were directed to the regulation
models ‘component value list’.

Majority of the interviewees emphasized the importance of the ‘component value list’. If
certain automation component is not in this list, distribution companies may hesitate to invest
in this technology, because they cannot add the components value to the network value. As
it was described in Chapter 5.3, the network value determines how much turnover the com-
pany can make.

What challenges do you expect smart grid solutions to solve in the near future for distribu-
tion companies (5 to 10 years)? *

The most common answer in this question, was fault detection/location. Three out of six
companies brought up fault detection/location as one of the biggest challenges for future
smart grid solutions to be solved. Fault location is especially essential in long radial feeders,
where gird sections can be many kilometers long. Caruna Oy was the only company to bring
up demand response (Caruna Oy used the term demand side management). According to
Caruna Oy: “Demand side management is in the key role in cost-efficient solution for power
balance issues. DSOs must have active role to support the TSO as almost all new demand
side management-resources are in DSO grid.” Helen Schkoverkko Oy was the only company
to mention that AMI measurements could be more accurate in the future. More accurate
smart meter measurements are in line with the EU’s vision to have 15-minute measurement
interval in AMI. This was discussed in more detail in Chapter 4.6. Elenia Oy mentioned a
future where the grid is self-monitored, more self-healing, and a future where secondary
substation kiosks have automation as priority number one, and not human interaction.

Views on the effects of the increasing solar power production?

Distribution companies did not seem to be that concern about the increase in solar power
production, within the distribution network. Helen Sdhkoverkko Oy was the only company
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to mention that there could be some issues on the grid, when PV-production increases. Ac-
cording to the company, the demand for power and voltage control is going increase when
PV-production increases. This problem was mentioned in Chapter 6.4, when the benefits of
feeder automation were discussed. It seems that majority of DSOs are not concerned about
the increased volt/var control needed due to the increasing PV-production. Elenia Oy men-
tioned that low voltage automation has to get better, AMI measurements have to become
more precise, and demand forecasting has to improve. Elenia Oy mentioned that if these
improvements do not happen, problems will occur with future PV production.

Caruna Oy had an explanation why PV-production will not cause problems in with DSOs in
the near future: "Within 5-10 years there should not be a problem as Finnish grid dimensions
are quite generous due to electrical heating and cold winters. During summer, there is plenty
of free capacity and during winter added PV-production might ease out peak load situations."
According to this statement, it seems that the distributed solar power is not a significant
concern for Finnish DSOs, even though the statement does not mention the need of better
volt/var control. It is worth mentioning that Finland has relatively low deployment of PV-
production, compared to some other European countries, which means that the challenges
PV-production brings to the DSOs will be a bigger concern later in the future, considering
that the trend in the PV-panel markets stays the same.
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8 Case: Optimizing the number of feeder automation
RTUs in an underground ring network

8.1 Description the optimization problem

This chapter is aiming to study how Energy Authority’s new cost estimations for feeder
automation technologies affect the investment feasibility of the technology. The feasibility
is studied by modeling investment feasibility in an underground ring network. The sample
network topology is based on the average technical data for ‘KV11° companies and a prede-
termined number of secondary substations. The model is done with an optimization problem,
with different fault frequencies. The aim of the study is to find the optimum automation level
for different fault frequencies and showing how much savings the utility gains with this op-
timum automation level, comparing it to a situation with no automation.

The optimization problem is finding the optimal number of feeder automation RTUs for an
average underground network with 23 secondary substations. The key is to find the most
cost-effective self-healing network with different fault frequency values, by placing opti-
mum number of intelligent RTU into secondary substations. The goal is to optimize the au-
tomation level from economic point of view, by minimizing the total costs over the prede-
termined time period. In this case, only the benefits from reduction of SAIDI and costs de-
fined by the Energy Authority’s regulation model (2016b) are taken into consideration. This
means that the optimal feeder automation level is higher than the solution of this problem, if
other benefits are also taken into account. Therefore, this study brings only supportive value
to decision making process, relating to investments in feeder automation technologies. The
reason for excluding other benefits from this optimization problem, such as better asset man-
agement and volt/var optimization, is that they are too difficult to quantify with enough ac-
curacy. All the needed parameters used in this problem, except the 23 secondary substations
and the predetermined network topology, are based on average data used or published by the
Energy Authority. The optimization is conducted for the next 20 years. This value is based
on the component life time expectations for feeder automation RTUs used by the Energy
Authority (Energy Authority 2016b).

The network topology is two underground MV feeders, forming a ring network, with 23
secondary substations in total. The two MV feeders are connected at the end, with one nor-
mally open load break switch. The network topology is illustrated in Figure 17. The assump-
tions in this case, is that the network topology and positioning of the secondary substations
are 100 % homogenous, which means that the distance between the secondary substations
are the same, and the power demand is evenly distributed through the two feeders and the
secondary substations. The number of substations (23) has been chosen for practical reasons.

2 Helen Sihkoverkko Oy, JE-Siirto Oy, Kuopion Energia Liikelaitos, Lappeenrannan Energiaverkot Oy, LE-
Sahkoverkko Oy, Oulun Energia Siirto ja Jakelu Oy, Pori Energia Sdhkoverkot Oy, Tampereen Sdahkoverkko
Oy, Turku Energia Séhkdverkot Oy, Vaasan Séhkdverkko Oy and Vantaan Energia Séhkoverkot Oy
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It is also assumed that the RTUs are placed to the secondary substations as efficiently as
possible, meaning that the distance between the RTUs are as even as possible.

The RTUs are dividing the network into sections. In this optimization problem, the RTU’s
are able to indicate the fault to a specific section, isolate the fault by opening the closest load
break switches, and restore power to the healthy parts of the feeder after closing the normally
open load break switch. This study does not clarify, how this fault isolation and power res-
toration sequence is conducted. It is assumed that the switching sequence takes less two
minutes, which means that customers on the healthy parts of the network will experience
only a transient outage. Customers inside the faulted section, will experience a permanent
fault, taken into consideration that their outage time is reduced compared to the reference
level. The reference level is the average outage restoration time (CAIDI) before any feeder
automation was installed.

| Rermote controlled |

Ny
Y

M

D = secondary substation

|:> = normally open point

O

Figure 17: Network topology of 23 secondary substations in a ring network.

8.2 Objective function, decision variables and parameters

The objective is to minimize total costs, CT, over the predetermined time period, where the
number of RTUs, X, is the decision variable. The objective function is as follows:
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n
Min CT = CR ><X+2Di X 0Cyo; 1)
i=0
s.t.
X = integer,
2<X<N,

In which CT is the total costs, n is the number of years, CR is the costs related to the RTUs,
X 1is the number of RTUs, OC,,; is the cost function related to outage costs, D; is the discount
factor for the i*" year, and N is the number of secondary substation, which is 23 in this
optimization problem. Decision variable X is 2 at minimum, because 2 RTU’s are needed to
isolate a faulted section.

The parameters needed for this optimization problems are as follows:

e f, fault frequency (faults/year)

e (R, the total costs related to the instalment of a RTU

e [, length of the network (km)

e P, Average power demand on feeders (kW)

e CAIDI;, Outage restoration time before automation (h)

e CICyy 1, average cost of interruption, permanent outage, over 3 min outage (€/kWh)

® C(CICper, average customer interruption cost, permanent outage, over 3 min outage
(E/kW)

e  CICtemp, average customer interruption cost, long transient fault, less than 3 minutes
(E/kW)

e 1, interest rate

Costs CR are defined by the Energy Authority’s regulation model. The total cost estimations
related to fault indication, remote controlled switches and communication are determined
separately. Energy Authority has considered every cost related to devices related to the three
functions mentioned. The total costs include for example the RTU itself, instalment, plan-
ning, construction, transportation and configuration of the components (Energy Authority
2016b). These cost estimations do not consider operational costs, such as maintenance costs.
In this case, the costs related to the SCADA and DMS software systems are not considered.
These costs are ignored, because distribution companies usually already have these software
systems implemented, when they are addressing decisions related to feeder automation
RTUs. The estimated total costs related to feeder automation RTU are presented in Table 6:
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value (€) lifetime (years)

remote control 3100 20-35

fault indication 1200 15-25

communication 4800 15-30
Sum 9100 20

Table 6: value of feeder automation RTU's by its functions (Energy Authority 2016b)

The number of years used for this optimization problem is 20, which means that n = 19.
This is based on the average lifetime value for the fault indication function, which is the
shortest lasting component.

The technical features of the network are based on the average values for KV /1 distribution
companies. All the technical parameters can be calculated from the data obtained from the
Energy Authority’s website (2016a). The technical parameters used in this optimization
problem are as follows:

Length (km) of the ring network can be calculated from the number of secondary substa-
tions, assuming that the secondary substations are distributed evenly on the entire medium
voltage network for the KV11 companies. The total amount of secondary substations and
total length of the medium voltage network for KV 1/ distribution companies can be found
in the Energy Authority’s report (2016a). The Length of the ring network can be calculated
with equation (12):

Number of secondary substaions _ Lentgh (km) (12)

Total amount of secondary substaions in MV network " Total length of the MV network

L, 23X12400km _
ength =—""4288 "M

Average power demand (kW) on the two feeders can be determined by three different pa-
rameters: The length (km) of the predetermined ring network, the total length of the entire
KVI11’s MV network, and the total power demand of the entire KV1/’s MV network. The
data can be found in the Energy Authority’s report (2016a). The average power demand, P,
can be calculated with equation (13):

20 km P

= (13)

Total network length (km) " Total power demand (kW)

_ 20km x 168000 kW

12400km = 2700 kW

Outage restoration time before automation (CAIDI), is based on the average CAIDI
values for all KV'11 companies, from 2010 to 2011. It can be assumed that 5 to 6 years ago,
feeder automation level was insignificant. In 2010, the average CAIDI for KV'11 was 0,9



63

hours. In 2011, the average CAIDI value for KV'11 companies was 1,1 hours (Energy Au-
thority 2016a). Therefore, the CAIDI; average before automation is 1,0 hours.

Outage restoration time after automation (CAIDI>) is the time it takes to restore power
to a faulted section. CAIDI; is defined by the size of a faulted section, and the reference
CAIDI value, which is CAIDI; in this case. Assuming that fault location takes up 50 % of
the total outage restoration time (Lehtonen & Kupari 1995), the outage restoration time after
automation is determined with equation (14):

CAIDI, = (1 - 0,5 X (*5)) X CAIDI (14)

In which s is the number of sections, the RTUs are forming to the network. The number of
sections, s, is calculated with equation (15):

s=X+1 (15)
In which X is the decision variable; the number of RTUs.

The cost function, related to outages, is based on two parts; secondary substations inside the
faulted section and secondary substations outside the faulted section. It is assumed that there
happens only one fault simultaneously and that the fault happens on a feeder, between sub-
stations. This means that faults that happen inside substations are not considered in this prob-
lem.

The power is restored to the customers outside the faulted section in less than two minutes,
and the customer inside the faulted section experience an outage, which duration is deter-
mined by the equation (14).

Cost function for the faulted section, OC4, is determined by equation (16):
a a
0C; = CAIDI; X CICpep 1 X P X f X N + ClCperp X P X f X N (16)

In which, CAIDI, is determined by equation (14), a is the number of substations inside a
faulted section, N is the number of secondary substations, f is the fault frequency, P is the
average power demand on the feeders, and CICy,; 1 and CICy,, , are the average customer
interruption costs for permanent faults. Based on the Energy Authority’s report (2007);

€ €
CICpem =11 mlCICper,Z = 1,1 W

The number of secondary substations inside a faulted section, a, is defined by the fol-
lowing with equation (17):

(17)
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In which N is the number of secondary substations, X is the number of RTUs (decision
variable), and s is determined by equation (15). It is assumed that a fault happens between
substations, not inside one.

Cost function for the healthy section(s), OC, is determined by equation (18):
0C; = (1=2) X P X f X ClCeemy (18)

The total outage related costs, OC, are calculated is determined by equation (19):
0C = 0C; +0¢C, (19)

Cost without automation, CW, is calculated in order to quantify the potential savings the
optimum automation level will bring to the distribution company. The annual cost without
automation is calculated with equation (20):

CW = (CAIDI; X CICperq X P X f + ClCper, X P X f) X 0,5 (20)
(20) has a multiplier of 0,5, because one fault only disables the other side of the ring network.

Savings, S. The savings the optimum level of automation will bring to the distribution com-
pany can be calculated with equation (21):

S=CW —-CF (21)
The savings, calculated in equation (21), are only related to the avoided outage costs.

The annual discount factor, D, is defined by the interest rate, r. In this optimization prob-
lem, the value 0,04 is used for, therefore r = 0,04. The annual discount factor is calculated

with equation (22):
D, = — (22)

ET a4

8.3 Results

The optimization problem was executed in Excel, and the solution for the objective function,
is solved with Excel Solver. The optimization problem is solved for each fault frequency
value presented in Table 7, where the Decision variable, n, column is presents the optimal
decision variable; hence, the solution for the problem for the specific fault frequency. The
third column, Objective function, CF, presents the value for the objective function; hence,
the total costs with the optimal automation level. Cost without automation, CW, column pre-
sents the outage costs related to the specific fault frequency, when no automation has been
installed. Savings, S, column presents the savings the distribution company gains, if they
invest to the optimum number of smart RTUs, compared to the situation with no installed
automation at secondary substations.
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Fault Decision Ojcetive Cost without auto-
frequency, f variable, n function, CF mation, CW Savings, S

0,2 2 43630 € 46 176 € 2546 €
0,3 2 56 345 € 69 263 € 12918 €
0,4 3 66 905 € 92 351 € 25446 €
0,5 3 76 806 € 115439 € 38633 €
0,6 3 86 708 € 138 527 € 51819 €
0,7 4 94913 € 161 615 € 66 701 €
0,8 4 103 272 € 184702 € 81430 €
0,9 4 111632 € 207 790 € 96 159 €

1 5 119417 € 230878 € 111460 €
1,1 5 126 809 € 253 966 € 127 157 €
1,2 5 134201 € 277053 €| 142853¢€
1,3 5 141593 € 300141€| 158549¢€
1,4 6 148 828 € 323229€| 174401¢€
1,5 6 155559 € 346317€| 190758¢€
1,6 6 162290 € 369405€| 207115¢€
1,7 6 169 020 € 392492 €| 223472¢€
1,8 6 175751 € 415580€ | 239829¢€
1,9 7 182470 € 438 668 €| 256198 €

2 7 188721 € 461756 €| 273035¢€
2,1 7 194972 € 484844 €| 289872¢€
2,2 7 201223 € 507931€| 306708 ¢€

Table 7: The optimal number of RTUs with different fault frequencies.

If we examine a situation, where the fault frequency f = 1 faults/year, the most cost ef-
ficient automation level is five smart RTUs. These five RTUs should be placed evenly to the

. . . 5
secondary substations along the two feeders. This corresponds to automation level of =~

22 %. The total cost of operating the two feeders leads to lifetime costs of 119 417 €. With-
out any automation, the total costs, due to outages, would be 230 878 €. This would lead to
savings of 111 460€, in the next 20 years.

8.4 Discussion about the results

This optimization problem took only outage duration reductions into consideration, which
means that the results presented in Table 7 shows the minimum number of RTUs distribution
companies should invest into a ring shaped network topology with 23 secondary substations.
Because the technical parameters used in this optimization problem are the average technical
parameters from the KV11 distribution companies, this does not apply for rural network,
where distances between secondary substations are larger and average power demand is most
likely much lower for a same sized network topology. Also, the total outage related costs,
OC, can only be used for a self-healing network, where the back-up connections are perfect,
which means power can be restored to every healthy sections of the network. In rural net-
work, where feeders are long and radial, back-up connections are not usually available.
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If this optimization problem would be used for overhead networks, or networks with a mix-
ture of underground feeders and overhead feeders, the costs related to the network compo-
nents, CF, should also include components meant for overhead feeders.

If a distribution company is making investment decisions in feeder automation only based
on improving fault management, these solutions presented in Table 7, only give an approx-
imation about the optimal automation level from economic point of view. In reality, the op-
timal automation level is somewhat higher, because feeder automation brings value through
better asset management and network operation optimization. The additional benefits feeder
automation RTUs bring:

e Network operation optimization
o Postponed network reinforcements through better volt/var optimization
o Reduction in energy consumption through better volt/var optimization
e Better asset management through increased data received from the field
o Less visits to the field through real-time monitoring
o Avoiding costly interruptions during inconvenient time periods through real-
time monitoring
e Enables integration of intermittent DG
o Ability to withstand wider range of load and generation conditions through
volt/var optimization
e Preparation for the maximum outage duration requirements
o Electricity Market Act’s maximum 6-hour outage after 2028

The benefits listed above are somewhat difficult to quantify and some of them, for example
integration of intermittent DG, are more of a technical requirement, rather than function that
generates savings. If these benefits can be quantified, they can easily be added to the opti-
mization problem, in order give more accurate estimations for the optimal feeder automation
level for a specific MV feeder. In addition to the list above, better service quality usually
affects positively on the company’s reputation.

Because the optimization problem is calculated for 20 years, some parameters are bound to
change during this time period. Because outage requirements are becoming stricter and com-
pensations distribution companies have to pay are getting higher (discussed in Chapter
5.2.1), cost of interruptions, CIC, values can be expected to increase in the future. This in-
crease would mean that feeder automation RTUs would bring more benefits in the near fu-
ture. In addition, the CIC values currently used by the Energy Authority, are somewhat out-
dated already, because these values were estimated before Electricity Market Act (2013) was
published. The outage compensations have already risen, and will increase more in 2018
(Energy Authority 2013).

In addition, the distribution company can add 9100€ to the network value per one RTU, that
is capable of remote control switching, fault indication and two-way communication with
SCADA/DMS. One remote controlled secondary substation or disconnector station will also
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add 2750€ to the network value through the increased value of the SCADA and DMS sys-
tems. Whether this has an effect on the investment decisions is hard to estimate. As it was
discussed in Chapter 5, the motto and ownership structure of the distribution company may
have an effect whether added network value will affect investment decision; companies that
emphases low consumer prices may not see added value as important as companies that
emphases highest possible service quality as their motto. Ownership structure’s possible ef-
fect on the distribution company’s motto was discussed in Chapter 5.3 in more detail.

This optimization model, presented in this chapter, offers a groundwork for future studies in
feeder automation feasibility. Future studies could model the feasibility of feeder functions
in more detailed fashion. In order to improve the optimization model, different fault types
and different benefit could be added to the model. Different fault types are important, in
order to model a real life situation. In the current model, only faults happening between
substations were considered. In the real world, there are also faults happening inside primary
and secondary substations. If these fault types would be added to the model, it would require
modifications to the model and added fault statistics. At least the function (17), the number
of secondary substations inside a faulted section, should be defined again. The other im-
provement that could be done to the model is to include other benefits as well. Because fault
management is not the only benefit DSOs get from feeder automation, it would help the
decision making process, if other benefits would be considered as well. Other benefits, such
as asset management, network operation optimization and renewable integration, should be
quantified somehow, in order to include them to the model. Quantifying these benefits would
be difficult, because there is a lack of research made in these areas.



68

9 Conclusion

This thesis studied two different research questions related to smart grid technologies and
feasibility of feeder automation in Finland. These two questions were studied by interview-
ing six different Finnish distribution companies and creating an optimization model for the
feasibility of feeder automation.

The interviews studied the opinions of Finnish DSOs related to different questions about
smart grid technologies. Interviews also investigated the current automation level of their
MYV network and future plans regarding this automation level. The more general questions
were aimed to get DSOs’ views on regulation affecting smart grid deployment and views on
what kind of future they see, regarding smart distribution network in Finland. The biggest
issue the interviewees had regarding regulation was the fact that the 8-year regulation period
might be too long. During this regulation period, no new smart grid technologies can be
added to the regulation model’s ‘component value list’. The interviewees emphasized the
importance of ‘component value list’. If a new technology is not on this list, distribution
companies might hesitate to invest in it. The second biggest takeaway regarding smart grid
technologies in the distribution network was the expectations about the future. The biggest
expectations the interviewees had towards future smart grid technologies, was related to fault
management. Based on the interviews, the increase in distributed intermittent generation was
not seen as a significant concern for the grid. One explanation for this was the fact that the
Finnish grid dimensions are designed to withstand high power demands during cold winters.
One interviewee mentioned a concern regarding the increase of distributed solar PV produc-
tion.

The case study investigated the feasibility of feeder automation technologies based on En-
ergy Authority’s cost estimations. The case study calculated the optimum automation level
at secondary substations in underground ring network. In this case, the network topology
used was based on a predetermined number of secondary substations, 23, and the average
technical network data from Energy Authority’s website. The results were calculated for
different types of fault frequency values. With the fault frequency of 1 fault/year, the opti-
mum automation level was 5 automated secondary substations out of 23. This corresponds
to 22 % level of automation. The optimization problem only considered faults that happen
between substations. The optimum automation level is could increase in the future due to
the new outage requirements set by the Energy Authority. Stricter outage requirements will
generate more expensive compensations for DSOs. This will increase the CIC values, which
will directly increase the feasibility of technologies that decrease outage times.

For future studies, faults inside substations should be also considered. This would require
minor adjustments to the model and more statistics on how common substation faults are. In
addition to this, the optimization model did not consider other benefits rather than outage
time reduction. Improvement for future studies could also include other benefits to the model
as well, such as asset management, operation optimization and renewable integration. These
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benefits are significantly more difficult to quantify, compared to benefits through outage
reduction. As indirect benefits, the new regulation model, set by the Energy Authority, in-
creases the feasibility of investing to feeder automation technologies. After 2016, distribu-
tion companies are able add 9100 €/substation to their overall network value, when the fol-
lowing feeder automation functions requirements are met on the specific substation; remote
control, fault indication and communication. In order to estimate how much this affects in-
vestment decisions, might depend on the overall strategy of the distribution company. If the
distribution company’s only strategy is to keep prices low, they might not see it beneficial
to increase the value of their network, which increases the accepted annual turnover of the
company.
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Appendix: Interviews

Helen Sihkverkko Oy:

Interviewee: Osmo Siirto (Director, Distribution Network)

Time: 16.9.2016
Location: Osmontie 38, Helsinki, Finland

Technical questions: Helen Sahkoéverkko Oy

Number of HV/MV Substations?

22

HV/MV substation Automation level (%)

100

Number of Pole Transformers?

Number of new Pole Transformers per year?

Number of Kiosk Transformer?

1800+700

Number of new Kiosk Transformer per year?

Number of MW pole switches?

Number of new MW pole switches per year?

Transformer station (kiosks) automation level (%)

20

How many new kiosks to remote control next
year?

50 out of 75

General quations: Helen Sdhkdverkko Oy

What legislations / regulations should be re-
newed in order effectively support the imple-
mentation of smart grid technologies?

It should be possible to add components to reg-
ulation model's component value list. If a com-
ponent is not on the list, there are no invest-
ments in that particular component.

What challenges do you expect smart grid so-
lutions to solve in the near future for distribu-
tion companies (5 to 10 years)?

Tackle problems caused by DG. Ami measure-
ments to 15 minute intervals. To manage con-
sumption decrease in rural areas and increase
in urban areas.

http://yle.fi/uutiset/sahko-




Need for power and voltage control increases

Views on the effects of the increasing solar
power production?

Turku Energia Sihkoverkko Oy

Interviewees: Antti Nieminen (SCADA manager) and Janne Strandén (Network Planner)
Time: 23.9.2016

Location: Linnankatu 65, Turku, Finland

Technical questions: Turku Energia Sahkoverkko Oy

Number of HV/MV Substations? 17
HV/MV substation Automation level (%) 100
Number of Pole Transformers? 314
Number of new Pole Transformers per year? -
Number of Kiosk Transformer? 974
Number of new Kiosk Transformer per year? 25
Number of MW pole switches? 200
Number of new MW pole switches per year? -
Transformer station (kiosks) automation level (%) 4,620 %
How many new kiosks to remote control next year? 50 %

General quations: Turku Energia Sdhkoverkko Oy

What legislations / regulations should be re-

newed in order effectively support the implemen- | No direct incentive for new technolo-

cult to interpret

Detecting power quality issues. Manag-
ing new consumption patterns due to

What challenges do you expect smart grid solu- heat pumps. Better earth fault
tions to solve in the near future for distribution detection. Managing possible increase in
companies (5 to 10 years)? DG.

Safety concerns on LV side. New price
model needed, more emphasis on ca-

Views on the effects of the increasing solar power ;
pacity?

production?

Elenia Oy

Interviewees: Heikki Paananen (Manager of Operational Planning)
Time: 29.9.2016

Location: Pataméenkatu 7, Tampere, Finland

Technical questions: Elenia Oy
Number of HV/MV Substations? 135
HV/MV substation Automation level (%) 100
Number of Pole Transformers? 16 400




Number of new Pole Transformers per year?

78

Number of Kiosk Transformer? 6 900
Number of new Kiosk Transformer per year? 1000
Number of MW pole switches? 1600

Number of new MW pole switches per year?

Before 2018 300, after this 0

Transformer station (kiosks) automation level (%) 20%

How many new kiosks to remote control next
year?

Fault indication to kiosk sta-
tions boost, 20% of kiosks to re-
mote control

General quations: Elenia Oy

What legislations / regulations should be re-
newed in order effectively support the im-
plementation of smart grid technologies?

Possibility to add components to '‘component
value list' in mass installations. Incentives for
large volumes. Innovation incentive work well in
smaller pilot projects.

What challenges do you expect smart grid
solutions to solve in the near future for dis-
tribution companies (5 to 10 years)?

Faster FLIR. EV charging infrastructure. Self-moni-
toring grid. 'Kiosks' without the need to go inside.
More support to fault management from big data
analytics. Remote controlled substations as a re-
quirement.

Views on the effects of the increasing solar
power production?

Need for LV automation increases. More accu-
rate AMI needed. Detecting new consumption
patterns.

Jarvi-Suomen Energia Oy

Interviewees: Mika Huttunen (Head of operation, distribution) and Tuomo Hérkonen (Op-

eration technician)
Time:30.9.2016
Location: Johtokatu 1, Mikkeli, Finland

Technical questions: Jarvi-Suomen Energia Oy

Number of HV/MV Substations? 47
HV/MV substation Automation level (%) 100
Number of Pole Transformers? 6800
Number of new Pole Transformers per year? 50
Number of Kiosk Transformer? 1400
Number of new Kiosk Transformer per year? 200
Number of MW pole switches? 3000
Number of new MW pole switches per year? 100
Transformer station (kiosks) automation level (%) 20%
How many new kiosks to remote control next

year? 40 out of 200




General questions: Jarvi-Suomen Energia Oy

What legislations / regulations should be re-

mentation of smart grid technologies?

newed in order effectively support the imple-

Continues power supply requirements for
phone operators' base stations. Network

value model does not encourage reuse of
components.

lutions to solve in the near future for distri-
bution companies (5 to 10 years)?

What challenges do you expect smart grid so-

Capture directional earth fault and residual
current

Views on the effects of the increasing solar
power production?

Under investigation

Caruna Oy and Caruna Espoo Oy (combined):
Interviewees: Jorgen Dahlqvist (Head of Network Operation) and Kimmo Vainiola (Head

of control center)
Time: 5.10.2016
Location: Upseerinkatu 2, Espoo, Finland

Technical questions: Caruna Oy

Number of HV/MV Substations?

153

HV/MV substation Automation level (%)

100

Number of Pole Transformers?

Number of new Pole Transformers per year?

Number of Kiosk Transformer?

Number of new Kiosk Transformer per year?

Number of MW pole switches?

Number of new MW pole switches per year?

Transformer station automation (kiosks) level (%)

How many new kiosks to remote control next year?

General questions: Caruna Oy

What legislations / regulations
should be renewed in order ef-
fectively support the implemen-
tation of smart grid technolo-
gies?

In general, the Finnish regulation framework does not
interfere with smart grid development and implemen-
tation. Only energy storages are a bit restrictive on
DSO side. 1. 1. Energy Authority “Erittdmisasetus”
Chapter 2.3. states that DSO may not own energy stor-
age which is connected to medium voltage grid -> Re-
moval of the ownership restriction. 2. 2. Regulation
methods should add energy storage to unit price list.

What challenges do you expect
smart grid solutions to solve in
the near future for distribution
companies (5 to 10 years)?

Demand side management is in the key role in cost-ef-
ficient solution for power balance issues. DSOs must
have active role to support the TSO as almost all new
DSM-resources are in DSO grid.
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Views on the effects of the in-
creasing solar power produc-
tion?

Within 5-10 years there should not be a problem as
Finnish grid dimensions are quite generous due to
electrical heating and cold winters. During summer,
there is plenty of free capacity and during winter
added PV-production might ease out peak load situa-
tions. On Tso level there might be scarcity on inertia
and balancing power resources as conventional power
plants are phased out.

Tampereen Sihkoverkko Oy

Interviewee: Hannu Hoivassilta (Project Manager)

Time: 5.10.2016
Location: via e-mail

Technical questions: Tampereen Sahkoverkko Oy

Number of HV/MV Substations? 18

HV/MV substation Automation level (%) 100 %

Number of Pole Transformers? 400

Number of new Pole Transformers per year? 4

Number of Kiosk Transformer? 600

Number of new Kiosk Transformer per year? 40

Number of MW pole switches? 5

Number of new MW pole switches per year? 1
Transformer station automation (kiosks) level (%) 13%

How many new kiosks to remote control next year? 5 out of 40
General quations: Tampereen Sahkéverkko Oy

What legislations / regulations should be re- It should be possible to add all net-
newed in order effectively support the imple- | work investment into network

mentation of smart grid technologies? value

companies (5 to 10 years)?

What challenges do you expect smart grid solu- | Grid stability, safety, protection,
tions to solve in the near future for distribution | tariffs and contracts bring chal-

lenges that should be tackled

power production?

Views on the effects of the increasing solar No big problems in Finland
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